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ABSTRACT
A Quantitative Motor Assessment Linked to Underlying Damage
in Traumatic Brain Injury
Paula K. Johnson
Neuroscience Center, BYU
Doctor of Philosophy
Traumatic brain injury (TBI) is a leading cause of disability in the United States
(Coronado et al., 2011). There is a recognized need for better motor assessments to help
mitigate these disabilities. Advances in markerless motion capture and in magnetic
resonance imaging (MRI) provide an opportunity to improve clinical assessments, and link
them to damage measured in MRI scans. The primary aims of this research were to 1)
develop a quantitative motor assessment (QMA), and seed a normative database to enable
comparison of impaired behavior to unimpaired, 2) test the sensitivity of the QMA, and 3)
link QMA results to underlying TBI damage.
The QMA developed in Aim 1 consisted of five tests: finger oscillation, tremor,
visually guided movement, reaction time, and balance. We administered the QMA and
traditional analgous tests to 132 healthy 18-50 year olds. We later added a coginitive motor
integration (CMI) test and a stength-dexterity pinch test, then administered them to 31 (16
male, mean age = 24.7) healthy individuals. We seeded a normative database for the QMA
and CMI measures. (A normative database for the pinch test already exists.) Correlations
between the QMA and traditional tests were weak but the QMA results followed expected
trends.
In the second aim, 31 (16 male, mean age = 24.7 years) individuals with TBI
completed all of the motor tests, and age- and gender-matched controls completed the CMI
and pinch tests. We tested the sensivity of the QMA, the CMI and pinch tests, and traditional
tests by their ability to correctly identify TBI subjects based solely on test results. The QMA
was more sensitive than the other test groups.
In Aim 3, we performed a stepwise regression to evaluate the relationship between
motor deficits and brain injury, using motor test results and MRI images from the TBI and
control groups. We found significant relationships between deficits in precision and
increases in superior lateral ventricular volumes, deficits in pointing tasks and decreases in
fractional anisotropy (FA) in the corticospinal tract, deficits in rhythmicity during finger
oscillation and decreased FA in the thalamocortical tract. There were also relationships
between each of the motor deficit measures and the FA values in the corpus callosum.
This was the first step in showing that a quantitative motor assessment using
markerless motion capture is feasible. The QMA is sensitive and can be linked to underlying
brain damage. Though the QMA is not yet ready for clinical use, this research provides
insights that will help address gaps in TBI rehabilitation.

Keywords: motor deficit, assessment, traumatic brain injury, motion capture
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Running head: A QMA LINKED TO TBI

A Quantitative Motor Assessment Linked to Underlying Damage in Traumatic Brain Injury
CHAPTER 1 Background
1.1 Motivation
There is a nationally recognized need for enhanced neurological exams for
identifying motor impairments following traumatic brain injury (TBI). The incidence of
emergency department visits and hospitalizations due to TBI increased by 70% over the past
decades (Centers for Disease Control and Prevention, 2014). TBI can produce complex
neurologic impairments, including motor deficits, such that an estimated 3.2 million people
are living with TBI-induced disabilities (Coronado et al., 2011). Sadly, nearly 40% of those
who had seen improvements after rehabilitation, regressed below rehabilitative gains when
measured five years later (Corrigan et al., 2014). One issue is that there are gaps in current
treatment following TBI, which generally involves neuroimaging and coarse clinical tests,
followed by motor rehabilitation (Figure 1-1A). Unfortunately, traditional motor assessments
often rely on subjective observations, miss subtle deficits, and are not directly linked to the
damage seen in the neuroimages. As a result, patients are frequently prescribed a standard
suboptimal rehabilitation regime, which too often results in chronic disability.
Enhanced measures for motor deficits can provide insights for patient-specific rather
than standard therapy and evaluate rehabilitation success. Such measures may be achieved
by combining recent advances in inexpensive markerless motion capture technology with
traditional clinical tests to create an affordable quantitative motor assessment with sufficient
resolution and accuracy to correlate with brain injuries found using modern neuroimaging
techniques. Quantitative measures could close the feedback loop and allow clinicians to
adapt patients’ rehabilitation programs to their progress (Figure 1-1B).
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The purpose of this research was to 1) develop a highly sensitive, quick, easy-to-use,
low-cost quantitative motor assessment (QMA) and seed a normative database for
comparison to impaired motor behavior; 2) evaluate the sensitivity of the QMA for detecting
TBI-induced motor deficits by implementing it in a TBI patient population; 3) explore the
relationship between motor deficits identified by the QMA and brain injuries identified in
structural brain images acquired via advanced neuroimaging techniques.

Figure 1-1 Diagnostic Components in TBI treatment
A) Standard with gaps B) Patient-specific with linked components

1.2 TBI Definition
Given the diversity of the victims and variety of insults, every TBI is unique.
Nevertheless, investigating the mechanism of the TBI provides insights for understanding
the resulting pathophysiology underlying motor deficits. This section defines TBI, illustrates
the mechanism of the injury, and describes some of the possible resulting physiological
damage to brain tissue. Understanding the nature of TBI is an essential step in developing
assessments.
The Center for Disease Control (CDC) defines TBI as a head injury resulting from
blunt or penetrating head trauma or from acceleration/deceleration forces resulting in any of
the following: altered level of consciousness, loss of memory, neurologic abnormality, skull
fracture, diagnosed intracranial lesions, or head injury listed as a cause of death in the death
certificate (Thurman, Sniezek, Johnson, Greenspan, & Smith, 1995). This work will focus
solely on closed-head injuries rather than those involving penetrating objects or open
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wounds. Common causes of closed-head TBI include motor vehicle accidents, falls, head
impacts during sports, and impact from falling objects. Several classification systems exist
to identify the extent of the brain injury as either mild, moderate or severe. Though it has
known limitations, the most universally used method is the Glasgow Coma Scale (GCS)
whereby TBI patients are evaluated, typically by first responders or emergency room
personnel, on a scale of 1 to 5 (the latter being the most favorable outcome) on their responses
to verbal, eye, and motor stimuli. The scores in each of the three domains are summed. A
score below 3 means the patient is in a coma or did not survive, 3-8 is considered severe TBI,
9- 12 is considered moderate TBI, and 13-15 is considered mild TBI.
The CDC further defines mild TBI to include any one or more of the following
conditions resulting from a blow to the head or acceleration/deceleration forces: observed or
self-reported transient confusion, disorientation or impaired consciousness; loss of
consciousness lasting no longer than 30 minutes; post-traumatic amnesia lasting no longer
than 24 hours; and signs of neurological or neuropsychological dysfunction such as seizures
(Centers for Disease Control and Prevention, 2003). Concussions are a form of mild TBI.
1.3 Physiological Response to TBI
The consequences of an insult to brain tissue depend on the nature of the insult and
the location of the loads. However, whether focal or diffuse, there is typically a primary
physiological response at the time of the injury followed by a cascade of events in a
secondary response. The timing of the secondary response also depends on the location and
nature of the insult. It may occur within minutes of the primary injury or up to months later.
Additionally, age, body temperature, blood pressure, blood alcohol levels, and medications
or drugs in the system will affect the physiological response.
Generally speaking, external loads will initially cause cell deformation and tissue
tearing. If the amount of deformation is beyond the tolerance of the cell plasma membrane,
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the structure will fail and its components will misalign causing abnormal ion movement,
impaired transport, and conduction blockage if not cell death (Pettus, Christman, Giebel, &
Povlishock, 1994). In moderate to severe TBI, moderate white matter (WM) and gray matter
(GM) volume loss may be detected as early as two week post-injury, using computed
tomography (CT) or magnetic resonace imaging (MRI) . Progressive volume loss may
continue into the following year or longer (Benson et al., 2012).
Tissue tearing, particularly in blood vessels, results in hemorrhaging and hematomas.
Secondary to that are ischemia, cerebral swelling, and inflammation. Associated with
ischemia in severe TBI is mitochondrial failure, apoptosis and necrosis. Associated with
swelling and inflammation is increased intracranial pressure that, in severe TBI, may cause
a shift in midline structures, flattening around the surface of the focal lesion, compression of
the midbrain, and herniation of the cingulate gyrus under the falx cerebri or the
parahippocamal gyri through the tentorial notch (Graham, Adams, Nicoll, Maxwell, &
Gennarelli, 1995; Kochanek, Clark, & Jenkins, 2013).
The events following the membrane disruption can be illustrated by a simplified
description of a complex process in DAI, one of the most common pathologies in TBI. Within
minutes of the axonal membrane distortion, a misalignment of cytoskeletal components leads
influx of calcium. Calcium dysregulation disrupts the mircotubular and neurofilament
components that are involved in axonal transport. Over the next 24 to 48 hours, impaired
axonal transport leads to accumulation of organelles. The accumulation creates a local
swelling that tears and then ultimately breaks the cytoskeleton, drawing it backwards into a
retraction ball. In the following months, Wallerian degeneration ensues in the part of the
axon distal to the breakage, creating downstream denervation. (Buki & Povlishock, 2006;
Johnson, Stewart, & Smith, 2013; Yokobori & Bullock, 2013). The line between primary
and secondary response has become blurred as more information about DAI pathology comes
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to light. Regardless, the pathway from initial disruption to neuronal degeneration and
disconnection continues to neuroplasticity and morbidity.
The pathomechanisms leading to TBI-induced movement disorders is not well
understood. Both primary and secondary responses are believed to be involved. Focal
contusions to the basal ganglia, DAI in the brainstem, and arterial hemorrhaging are sources
of primary damage (Krauss & Jankovic, 2013; Yokobori & Bullock, 2013), while hypoxia,
increased intracranial pressure, and hypotension are contributing secondary processes
(Kochanek et al., 2013). Additionally, neurotoxicity and oxidative stress leading to release
of free radicals may play a role. Regeneration efforts, such as neuroplasticity, may also be
detrimental in that aberrant sprouting and increased neurotransmitter sensitivity contribute
to movement disorders (Krauss & Jankovic, 2013).
1.4 Motor Impairments
Few studies have been conducted to study motor deficits following TBI, and of those
performed, most only have results for severe TBI cases, though the literature on mild TBI is
emerging. In a comprehensive study of 221 severe TBI victims, movement disorders were
found in 22.6% of the patients, with 10.4% of the disorders being transient and 12.2%
remaining at the mean follow-up of 3.9 years (Krauss, Trankle, & Kopp, 1996). The primary
assessment was a 16-question survey to evaluate the amount of involuntary movement,
muscle tension and abnormal limb postures. Reports on motor deficits following moderate
to mild TBI are also sparse, consisting mostly of anecdotal reports and case studies. Similar
to their comprehensive study of severe TBI victims, Krauss et al. also conducted a study of
movement disorders following mild to moderate TBI and found that 10.1% experienced
movement disorders, primarily tremor. Of those 7.6 were transient, and 2.5% persisted at a
mean 5.2 year follow-up (Krauss, Trankle, & Kopp, 1997). The authors associated the
tremors with focal lesions and edema on CT scans.
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Impaired balance is a frequent complaint following TBI. In a European crosssectional study of 68 post-TBI victims, 36 showed evidence of balance impairment on a
posturographic platform, 23 of whom had no complaints or indication of such on traditional
clinical tests. The amount of instability correlated with GCS scores, but not with the age of
the initial injury, despite the fact that the average time between the injury and the balance
assessment was over 55 months (Dehail, Petit, Joseph, Vuadens, & Mazaux, 2007). Similar
studies also report post-TBI postural instability at all levels of TBI severity going undetected
by clinical tests (Basford et al., 2003; Geurts, Ribbers, Knoop, & vanLimbeek, 1996; Hillier,
Sharpe, & Metzer, 1997; Kaufman et al., 2006; Pickett, Radfar-Baublitz, McDonald, Walker,
& Cifu, 2007; Sosnoff, Broglio, & Ferrara, 2008). Postural instability is associated with
deficits in visual-motor integration (Sosnoff et al., 2008) and white matter tract damage
(Caeyenberghs et al., 2011).
Increased reaction time, decreased arm movement speed, and reduced visuomotor
coordination have also been reported to be the result of mild to severe TBI (Debert, Herter,
Scott, & Dukelow, 2012; Heitger et al., 2004; Heitger et al., 2006; Kozlowski, Leasure, &
Schallert, 2013; Kuhtz-Buschbeck, Stolze, Golge, & Ritz, 2003; Lew, Gray, & Poole, 2009).
These motor deficits may be present beyond one year, even in some mild TBI cases. Clinical
exams often failed to identify these dysfunctions, despite the persistence of symptoms.
1.5 Clinical Assessments
There is no standard assessment for motor deficits following TBI. Evaluations used
to determine impairments depend on the clinician or investigator. In general, a complete
clinical evaluation of the motor systems will include assessments of strength, muscle
stiffness, reflexes, movement efficiency and speed, postural control, and abnormal
movements (Lundy-Ekman, 2007). Of those that are commonly used, observation of the
patient is required and a subjective score is given. In an attempt to standardize reported
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measures, the National Institutes of Health (NIH) has developed a set of quantized exams for
the motor domain (Hodes, Insel, & Landis, 2013). The NIH Toolbox, as it is named, includes
tests of strength, dexterity, balance, locomotion and endurance. Common assessments used
by clinicians and neuropsychologists, as well as those included in the NIH toolbox, are
described here. It should be noted that reflex, gait, and muscle endurance assessments are
not within the scope of our research, so those items are not included.
1.5.1 Muscle strength. To determine muscle strength a clinician may conduct a
manual muscle test wherein he/she provides resistance to the patient’s movement, or the
patient resists the passive movement of the limbs provided by the clinician. The clinician
rates the patient’s strength on a scale of 0 to 5, where zero is no muscle contraction, 3 is the
ability to contract against gravity but not the examiner, and 5 is normal strength. A
neuropsychologist may administer a more quantitative exam using a hand dynamometer that
indicates grip strength. A score is given as the force exerted for each hand averaged over two
trials, with the hands tested alternately. In the NIH Toolbox grip strength assessment, each
hand is tested only once. The scores for each hand are compared to each other and to
normative data, which are well established and shown to be relatively insensitive to variation
in the position of the arm during the grip and to the type of dynamometer (Dodds et al.,
2014). Age and gender have an effect on grip strength, and beyond middle age weak grip
strength is associated with less hand steadiness (Martin, Ramsay, Hughes, Peters, &
Edwards, 2015). Muscle weakness in an indicator of an upper motor neuron lesion.
1.5.2 Movement speed and efficiency. A typical test of movement speed and
efficiency is one of rapid alternating movements, wherein the patient taps both index fingers
then pronates and supinates the forearms. A similar test is conducted with the palm of one
hand initially facing upward, the other downward, then alternating each simultaneously. The
clinician observes the speed, smoothness, symmetry and rhythm of the movement. Difficulty
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with the movement in the absence of weakness is indicative of cerebellar or proprioceptive
dysfunction (Lundy-Ekman, 2007).
A classic neuropsychological test of movement speed is the finger oscillation, or
finger tapping test. The task consists of using the index finger to quickly and repeatedly tap
a mechanical lever attached to a counter. Each hand is tested for five 10-sec trials with a brief
rest between each. The score is the average of number of taps over the five trials. Some
investigators recommend testing until five consecutive trials within a five-tap range is
reached, however Fazio and Biddle determined that there was no significant difference
between the methods (Fazio & Biddle, 2014). Age, gender, and level of education exert
effects on tapping speed: younger, higher educated males tend to perform better on average
(Lezak, Howieson, Bigler & Tranel, 2012). Halaand and Tempkin showed that patients with
diffuse head injuries had slowed tapping at one month post-injury with no improvement even
one year later (Haaland, Temkin, Randahl, & Dikmen, 1994).
1.5.3 Smoothness and accuracy. A finger-to-nose test, and patient’s finger to
examiner’s finger is a common test to assess accuracy and smoothness of movement. The
examiner evaluates the movement for evidence of ataxia, dysmetria, and kinetic tremor
which are indicative of proprioceptive or cerebellar dysfunction (Lundy-Ekman, 2007).
Debert et al. used visually guided reaching and arm matching tasks in a robotic assessment
of motor deficits in TBI victims of all levels of severity with DAI and/or focal injuries. They
objectively detected a variety of proprioceptive, postural, and motor control impairments
many weeks after the initial injury, even in mild TBI cases with normal clinical exams
(Debert et al., 2012).
1.5.4 Postural control. Most tests for postural control are similar in that they require
the patient to stand with arms folded across the chest and with feet together, first with eyes
opened and then closed. Variations on the test include timing how long the patient can
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maintain balance in each stance, measuring the location of center of pressure as the patient
maintains the stance on a force plate for a given time, or measuring their sway with a
wearable accelerometer for a given time in each stance. For example, in the NIH Toolbox
balance tests, the subject wears the accelerometer strapped around the waist while standing
with feet together and arms crossed at the chest for 50 seconds in each of five different
stances: eyes open standing on a hard surface, eyes closed standing on a hard surface, eyes
open standing on a soft surface, eyes closed standing on a soft surface, and a tandem stance
on a hard surface with eyes open. The patient decides which foot to place in front in the
tandem stance. If the patient loses balance and steps out of the stance a second trial is
completed. Using the accelerometer data, a normalized path length is determined. The scores
are adjusted for gender, age, level of education, and ethnicity and compared to norms. In
addition to evaluating each of the five stance scores, two ratio scores are calculated. The ratio
of position 2 (hard surface eyes closed) to position 1 (hard surface eyes open) represents the
participant’s ability to use input from the somatosensory and vestibular systems to maintain
balance, while the ratio of position 4 (eyes closed soft surface) to position 1 reflects the
effectiveness of vestibular function for postural control. Sophisticated computer
posturography platforms that measure changes in center of pressure provide somatosensory
and vestibular information as well, and tend to be more sensitive than clinical tests (Dehail
et al., 2007; Pickett et al., 2007).
1.5.5 Dexterity. The Pegboard Test is a standard exam for evaluating dexterity.
Patients are timed while they place pegs into holes on a pegboard and then remove them. In
the NIH Toolbox, subjects perform this test on a 9-hole plastic pegboard. The patient has one
practice and one timed trial for each hand. Similarly, in the Purdue Pegboard test, in which
two columns of 25 holes are used, patients are given 30 seconds to place as many pegs into
consecutive holes. They are given a practice trial and one timed trial for the dominant hand,
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then the same for the non-dominant hand, and finally the same for both hands working
together. Women’s average scores are slightly higher than men’s and younger individuals
score better than older individuals. Lesions are likely to be present when the non-dominant
hand outperforms the dominant hand by three points or more. Lower scores are associated
with white matter abnormalities (Lezak et al., 2012).
1.5.6. Reaction Time. A simple reaction time assessment is not typically included in
clinical exams, nor is it part of the NIH toolbox. However many versions of a simple reaction
time task exist. In effect, the patient is presented with a stimulus—typically a visual stimulus,
but an auditory stimulus may also be employed—and is instructed to press a button as soon
as the stimulus appears. The time between the presentation of the stimulus and the button
press is recorded as the reaction time. The period just prior to stimulus onset should be
between 0.5 and 5 seconds (Crabtree & Antrim, 1988). As recording devices become more
sophisticated, investigators are able to distinguish between reaction time, which is the
processing time between onset of the stimulus and onset of the movement, and response time,
which is the time between stimulus onset and completion of the movement. Increased
reaction times have been associated with visuomotor dysfunction (Heitger et al., 2004;
Sosnoff et al., 2008).
1.5.7 Visuomotor Integration. As with reaction time, there are typically no clinical or
NIH Toolbox direct measures of visuomotor integration. However, they are part of the
visuoconstructural ability assessment in neuropsychological exams. A common measure of
such is the Beery-Buktenica Developmental Test of Visual-Motor Integration (VMI).
Although it has been most often used to identify children with visual-motor integration
difficulties, the 6th edition published in 2010 included normative data for over one thousand
19-100 year olds. The test involves a copying task in which the patient reproduces 30 figures
starting with a straight line and progressively increasing in difficulty. The patient is not
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allowed to erase and must keep the test booklet square to their front, i.e. without twisting
themselves or the response sheet. Each figure is scored based on simple yet detailed criteria
and the scores are summed. Poor performance on VMI assessments are associated with
parietal lesions, but are also sensitive to diffuse cortical disease and subcortical lesions
(Lezak et al., 2012). The Beery VMI correlates with the pegboard test in TBI victims (Sutton
et al., 2011).
1.6 Magnetic Resonance Imaging (MRI) assessments
Advances in the field of neuroimaging make it a valuable tool for qualitative and
quantitative measures of TBI. By varying the acquisition parameters of MRI scans, distinct
images are produced, each accentuating a different factor in the brain and revealing a wealth
of anatomic and metabolic information. Additionally, image analysis is becoming more
accurate and sophisticated as investigators develop robust, automated post-processing
techniques for segmenting brain structures, determining volumes, and evaluating
connectivity.
The basic principle of operation of MRI is that when hydrogen nuclei in the body
tissues are placed in the strong magnetic field of the MRI scanner and then targeted with
externally applied, spatially encoded, radiofrequency (RF) waves, they respond by absorbing
and then re-radiating waves. Those re-radiated RF waves produce a signal with an intensity
that is characteristic for the tissue in which they reside. The resulting MR images are mapped
representations of those signal intensities, with different tissues appearing darker or lighter.
Images emphasizing different anatomical or pathological features are produced by varying
the magnetic field strength and the timing of sending and receiving the RF signal. Among
the different image protocols are T1-weighted, T2-weighted, susceptibility weighted images
(SWI), fluid attenuated inversion recovery (FLAIR), gradient echo (GRE), and diffusion
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tensor images (DTI). Blood oxygen level dependent (BOLD) signals allow tracking of
metabolic brain activity in functional MRI (fMRI), including resting state activity.
Qualitative analysis of MR images, which are typically acquired during the subacute
stage of the injury, are used to reveal lesions, evidence of hemorrhaging, shifts in the tissue,
and changes in tissue volume. T1-weighted images provide clear anatomical detail where
GM appears gray, WM appears white, and cerebral spinal fluid (CFS) appears black. In T2weighted images WM is light gray, GM is dark gray, and CSF and other fluids are white.
Abnormalities, such as asymmetries, enlarged ventricles, and macroscopic lesions can be
clearly identified. Hyperintensities in FLAIR images are indicative of abnormalities in white
matter. Abnormal hypointense dark spots in GRE images are evidence of hemosiderin, a byproduct of blood breakdown, and indicate where hemorrhage had occurred. Similarly,
hypointense regions in SWI scans are indicative of microhemorrhages.
Microstructural DAI, subcortical hemorrhage, transtentorial herniation, and ischemic
damage not detectable in regular MRI scans can be identified by DTI (Asano et al., 2012;
Benson et al., 2012; Shin et al., 2012). For this reason it is fast becoming a widely used tool
in assessment of TBI-induced motor dysfunction (Alhilali, Yaeger, Collins, &
Fakhran, 2014; Benson et al., 2012; Bigler & Maxwell, 2013; Caeyenberghs et al., 2011;
Lezak et al., 2012; Mathias et al., 2004; Shin et al., 2012; Wilde, Hunter, & Bigler, 2012;
Wu et al., 2010). DTI identifies gross fiber architecture, enabling us to evaluate subcortical
WM tracts, such as the cortical spinal tracts essential for motor function. Water molecules
in axons move relatively freely along the direction of the neural tract but are restricted
from crossing to neighboring tracts, thereby producing diffusion anisotropy. DTI detects
differences in water diffusion allowing researchers to distinguish the directionality of
the WM fiber tracts. Fractional anisotropy (FA) is the primary metric of DTI. It is a
value from 0 to 1, which increases with increasing organization of the tracts. Low FA
values are indicative of tract abnormalities.

13

A QMA LINKED TO TBI

The Apparent Diffusion Coefficient (ADC), which indicates the magnitude of water
diffusion, is another DTI metric. When the results of DTI are mapped, disruptions in WM
tracts can be visualized. A limitation of DTI is that in regions where multiple fibers
intersection, often referred to as “kissing fibers”, it is difficult to resolve the directionality.
The information in an MRI acquisition is stored in a Digital Imaging and
Communications in Medicine (DICOM) file. Cutting-edge techniques are evolving to
provide an accurate quantitative analysis of the information. Voxel-based morphometry is
one such technique that starts with a segmentation step wherein an algorithm is applied to
identify WM, GM, and CSF tissue and their boundaries. Then the acquired brain images are
aligned with a standard brain template (commonly the Montreal Neurological Institute atlas).
In this format investigators can apply statistical parametric mapping (SPM) to compare
brains voxel-by-voxel, calculate volumes of entire brains, brain segments, or brain lesions.
Of particular interest in TBI injury assessments are correlations of motor dysfunction and
white matter lesion volumes (Caeyenberghs et al., 2011; Chastain et al., 2009; de la Plata et
al., 2007; Ding et al., 2008; Moen et al., 2014; Spitz et al., 2013).
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CHAPTER 2 A Quantitative Motor Assessment with Markerless Motion Capture
2.1 Introduction
There is a recognized need for clinical measurements of neuromuscular health to be
quantitative, accurate, and cost-effective. Such exams could improve the evaluation,
diagnosis, and treatment of movement disorders. Motor deficits are often subtle and complex
and generally resolve slowly with time, making it difficult to target the primary issue, track
progress, and update rehabilitation to an individual’s current needs. Although a variety of
batteries exist to evaluate motor deficits, they are generally lacking in one or more of these
criteria (quantitative, accurate, and cost-effective). For example, clinical rating scales are
cost-effective but are only semi-quantitative in that they require subjective scoring, albeit by
a trained professional, generally based on a course scale from zero to four (Goetz et al., 2008;
Trouillas et al., 1997). Traditional motion capture systems, such as optoelectronic systems,
electromagnetic systems, inertial measurement units, and electrogoniometers, have been
used to identify movement impairments (Chang, Wu, Wu, & Su, 2005; Kuhtz-Buschbeck et
al., 2003). They are quantitative and highly accurate but require placement of
markers/sensors and calibration, making them time- and cost-prohibitive for routine clinical
use. More recently, robotic systems have been proposed for clinical tests (Debert et al., 2012;
Germanotta et al., 2015). Such systems are also quantitative and highly accurate and, in some
cases, require little setup time, but the cost of the robot is prohibitive for most clinical
settings.
In contrast, recent advances in gaming technology provide an opportunity to develop
batteries that are quantitative, cost-effective, and sufficiently accurate for clinical evaluation.
Compared to traditional motion capture, markerless motion capture (MMC) systems, such as
the X-box Kinect, Organic Motion, and Leap Motion controller, are extremely low-cost and
do not require any markers/sensors on the body, so movements can be recorded without any
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setup time. Although not as accurate as traditional motion capture systems, the accuracy of
some MMC systems is approaching a level sufficient for clinical use. For example, the Leap
Motion controller, which tracks the movement of hands and fingers, has a static and dynamic
accuracy below 0.5mm and 1.2mm, respectively (Guna, Jakus, Pogacnik, Tomazic, &
Sodnik, 2014; Weichert, Bachmann, Rudak, & Fisseler, 2013) and samples around 100
samples/s.
Research scientists and clinicians have begun to take advantage of MMC for
movement evaluation. Early reports include investigations into the feasibility of using MMC
for assessing posture and movement in patients during at-home rehabilitation exercises
(Capecci et al., 2018), and in workers and athletes during lifting, squatting, and landing from
jumps (Mauntel et al., 2017; Mehrizi et al., 2018; Perrott, Pizzari, Cook, & McClelland,
2017). These early studies suggested that there is great potential for MMC as a remote form
of movement evaluation. Others studies have compared MMC to marker-based motion
capture systems in tests of fine motor movements (Li et al., 2018) and visually guided
movements (Niechwiej-Szwedo, Gonzalez, Nouredanesh, & Tung, 2018). They determined
that the MMC is comparable in many aspects to motion capture with markers, and tests that
utilize MMC are capable of distinguishing between healthy and diseased states. While these
initial reports are encouraging and informative, there are no known attempts to use MMC to
create a comprehensive battery that identifies motor deficits.
The goal of this study is to 1) develop a quantitative motor assessment (QMA) that
is sufficiently accurate and cost-effective for clinical use, 2) seed a normative database to
enable comparison of motor deficits to an unimpaired norm, and 3) compare the results to
similar traditional tests. To this end, we developed a QMA that can be administered
via MMC, specifically the Leap Motion controller (Kincaid, Johnson, & Charles, In
review). Initially, the QMA consisted of five tests chosen to represent a range of
motor tests commonly used in clinical practice. But another test—cognitive-motor
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integration—was later developed and added.
In this paper, we present a normative database for the QMA. To seed this database,
we administered the QMA to healthy controls with no movement impairments. To
evaluate the QMA against a known standard, we compared the results of the QMA to
those of traditional tests. Finally, as a preview, we also administered the QMA to a small
sample of individuals with potential movement impairments, and we compared their
results

on

the

QMA

and

on

traditional

tests

to

the

normative

database.

2.2 Methods
2.2.1 Participants. In all, 132 healthy individuals (64 females and 68 males) 18–50
years old (M=29.9, SD=9.7 years) participated in the study. Due to the timing of the add-on
cognitive-motor integration test, not all participants completed all of the tests. The number
and age of participants for each test are included with the descriptive statistics in the
appendix. All healthy participants were right-handed and declared themselves free of any
movement disorder or medications that interfere with movement or alertness.
For comparison, four individuals with varying degrees of head injury (Table 2-1) were
recruited to complete the same battery (though one participated prior to the addition of the
cognitive-motor integration assessment). All participants provided informed consent,
which was approved by the institutional review board for human research at Brigham
Young University.
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Table 2-1 Limited Clinical Brain Injury Sample

ID

Sex

Age (years)

Age of Injury (mos)

Condition

mTBI-46

F

23

46

Mild TBI

mTBI-7

F

32

7

Mild TBI

modTBI

F

37

16

Moderate TBI

sTBI

F

25

67

Severe TBI

2.2.2 Experimental setup. There are six movement tests in the complete QMA
battery: finger oscillation, postural tremor, simple reaction time, visually guided movement
activity, standing balance, and the cognitive-motor integration test. Technical details of
the of the original five tests and associated measures are provided in Kincaid (Kincaid et
al., In review) but we provide a summary of QMA tests and measures in Table 2-2 For
comparison we included corresponding traditional tests for three of the six QMA exams:
Halstead-Reitan finger tapping test, a simple reaction time test available online (Allen,
2002), and the NIH Toolbox balance tests (Hodes et al., 2013). Table 2-3 is a summary
of the traditional tests and measures. We excluded traditional tests corresponding to
tremor and visually guided movement because rating scales for such measures are zero by
definition for an unimpaired population. Also, there is no traditional test analogous to the
cognitive-motor integration test. The tests were performed in random order, except the
balance tests, which were administered last to avoid upsetting the controller-screen
calibration for the other tasks.
Prior to each subject’s arrival, the Leap Motion controller was calibrated for
the ambient lighting and its relative position to the computer screen. For all but the balance
tests, participants sat at a table in front of a computer screen. The controller sat on the
table, face up in front of the computer screen. Participants were introduced to the
Leap Motion controller and while watching the results of their hand movements on a
practice screen, were instructed to keep their hand within the sensor’s field of view, which
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is approximately 150° deep and 120° wide and extends upward roughly 600 mm from
the surface of the sensor for optimum tracking (Figure 2-1). Position and velocity of the
finger tips and palm were recorded in three dimensions by the Leap Motion controller
at approximately 100 samples per second. For the balance test the controller was
mounted on a tripod to record the movement of two wooden dowels which
were attached to a helmet worn by the participant. An iPod used for the
NIH balance tests was attached to a belt around the participant’s waist, so data for both
balance tests were collected simultaneously. Upper-limb movements were performed on
each side. The entire assessment lasted no more than two hours.
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Table 2-2 Summary of Motion Capture Tests and Measures

QMA Test
Finger
Oscillation

Behavioral
Attributes
Movement
speed,
regularity, and
efficiency

Measures
Number of complete finger
oscillations
SD of the period of the taps
SD of the amplitude of the taps

Measure
Abbreviation
(units)
Count
VPer (ms)
VAmp (mm)

Postural
Tremor

Upper limb
postural control

Power spectrum area

Area (mm2)

Visually
Guided
Movement

Movement
accuracy and
efficiency

Dysmetria—Distance between
the cursor and the target at the
end of the movement,
normalized by the direct path
length

Dys (%)

Visuomotor
control

Path ratio—path length of
movement to the direct path
length
Maximal Speed

PRVGM
MxSVGM
(mm/s)

Simple
Reaction Time

Processing time

Reaction time–time between
visual cue and arm movement

Time (s)

Balance

Postural control

Sway—normalized mean path of
the crown of the head in five
conditions on hard or soft
surfaces, with eyes opened or
closed, and with feet together or
in a tandem stance.

Sway (mm/s)

Cognitivemotor
Integration
(CMI)

Movement
accuracy,
precision, and
efficiency.

Constant Error

CErr (mm)

Variable Error

VErr (mm)

Path Length

PL (mm)

Path Ratio—ratio of path length
of movement to the direct path
length

PRCMI

Cognitive-motor
control

Maximal Speed

MxSCMI
(mm/s)
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Table 2-3 Summary of Traditional Tests and Measures

Traditional
Motor Tests
HalsteadReitan Finger
Tapping Test

Behavioral
Attribute
Motor speed

Measures
Number of lever presses on a
mechanical counter

Measure
Abbreviation
(units)
count

Simple
Reaction Time

Processing time

Reaction time—time between
visual cue and keyboard press

Time (s)

Balance

Postural control

Sway—normalized mean
Anterior-Posterior path length at
the hips in five conditions on
hard, or soft surfaces, with eyes
opened or closed, and with feet
together or in a tandem stance.

Sway (m/s)

Figure 2-1: Experiment Setup for Most Tasks.
Participants A) use their index finger to move a cursor or B) hold their palm over the controller
while the Leap Motion controller records their movement.

2.2.3 Experiment protocol. Administration of the QMA and traditional tests were
conducted according to established protocols (Kincaid et al., In review). We
scrutinized a variety of motor batteries and exams associated with various movement-related
disorders and identified the motor tests that were 1) most widely used, 2) most
adaptable to MMC technology, and 3) most easily administered via the Leap Motion
controller. These tests necessarily exclude tests requiring the application or sensing of
force (e.g. strength and muscle tone). Each modified test is described in great detail by
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Kincaid (Kincaid et al., In review). Here we provide a brief summary of each.
2.2.3.1 QMA finger oscillation test.

In the finger oscillation task, participants

were asked to move their index finger up and down as quickly as possible. Participants
were presented with a graphic user interface (GUI) that contained two horizontal parallel
lines, spaced 15 mm apart, and a black ball-shaped cursor controlled by the user’s index
finger (Figure 2-2A). The participant was instructed to move the cursor above and below
the two horizontal lines as many times as possible in 10 seconds. While doing so, they
were to keep their wrist and shoulder stationary and move only at the finger joint. The
assessment was complete when the participant performed five ten-second trials that
were within five oscillations of each other. In the event that this requirement was not met
within ten trials, the number of oscillations in all ten trials were averaged. Prior to starting,
participants were given as many practice trials as desired. Rest periods of 10-90 s were
given between each trial. Participants completed the test with one hand before moving
on to the next hand. Test measures included the average number of finger oscillations
over the five (or ten) trials and the regularity of these oscillations in terms of amplitude and
period (calculated as the average standard deviation of amplitude and period of the
oscillations, respectively).
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Figure 2-2: Graphic User Interface for QMA tests.
A) finger oscillation, B) visually guided movements, C) postural tremor, and D) reaction time.

2.2.3.2 QMA postural tremor. In the postural tremor tests, participants controlled a
hand-shaped cursor by moving the center of the palm of their hand. They were instructed to
position their hand above the controller, with the palm down, so that the center of the
cursor was in the center of a rectangle on the screen. (Figure 2-2C). They held their hand at
that location for 30 s while the sensor captured their palm and finger movements. Two
trials were performed with each hand.
2.2.3.3 QMA visually guided movement. In the QMA visually guided movement
test, participants moved a red ball-shaped cursor, which controlled by the user’s fingertip,
from target to target as they appeared one at a time in the corners of the GUI (Figure
2-2B). Participants were instructed to move the cursor to the black target as quickly and
accurately as possible. After holding the cursor on the target for 500 ms, the target
disappeared and a new target appeared, and the process repeated. Sixty targets were
presented pseudo-randomly so that the 12 possible finger paths from corner to corner were
travelled five times in each of two trials, for a total of 120 paths for each hand.
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2.2.3.4 QMA simple reaction time. The QMA simple reaction time test measured
participants’ reaction time following a visual stimulus. Participants held their hand
approximately 20 cm over the controller, centering it a hand-shaped cursor over crosshairs
in a large, gray-colored circle on the GUI. When the hand was properly aligned, the
background color changed from gray to white. At a random time between 0.5 and 5 s from
the time the background color changed to white, a smaller circle, with a 25 mm diameter,
appeared centered at the palm of the virtual hand, and simultaneously the background color
on the screen changed from white to green (Figure 2-2D). Participants were instructed to
remove their hand from the circle (referring neither to the smaller nor larger circle) as quickly
as possible when the background color changed to green. Ten trials were performed with
each hand.
2.2.3.5 QMA balance test. Participants wore a helmet modified with two dowels that
protruded from the front of the helmet (Figure 2-3A). Participants stood with feet together
and hands across the chest so that the dowels extended over the controller, which was
mounted on a tripod. They held that position in five different conditions for 30 s each: 1)
standing feet together on a hard surface with eyes open, 2) standing feet togther on a hard
surface with eyes closed, 3) standing feet together on a soft surface with eyes open, 4)
standing feet together on a soft surface with eyes closed, and 5) standing on a hard surface
in a tandem stance, preferred foot in front, with eyes open. The controller recorded the
movement of the dowels, from which the movement of the crown of the hand was calculated.
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Figure 2-3 Balance and Finger Tapping Test Set-up.
A) Balance test setup on the soft surface. The Leap Motion controller is mounted on the tripod and
tracks the dowels on the helmet. (B) The Halstead-Reitan finger tapping test setup.

2.2.3.6 Cognitive-motor integration test. Similar to the visually guided movement
test, the cognitive-motor integration GUI consisted of a red ball-shaped cursor whose
movement was controlled by the user’s fingertip, and black targets that appeared one at a
time on the screen. However, instead of moving the from corner to corner, the participant
always started the cursor at a center target (Figure 2-4A) and then moved to a target that
appeared at the top, right, bottom, or left edge (i.e. at 12, 3, 6, or 9 o’clock) of the screen.
The subject was instructed to move the red cursor as quickly and accurately as possible to
the peripheral target. Once the subject had rested at the peripheral target for 500 ms it
disappeared and the center target re-appeared, to which the participant quickly returned.
After another 100 ms, the process repeated with another peripheral target. Unbeknownst to
the participant, the red cursor moved in the direction opposite of the finger movement, e.g.
if the participant moved their finger downward, the red cursor moved upward (Figure 2-4B).
The participant was forewarned that the movement of the red cursor may not behave the way
they expected but was given no other information about the movement behavior of the cursor.
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Twenty targets were presented pseudo-randomly so that the four possible finger paths
between the center and the peripheral targets were performed five times, for a total of 39
movements for each hand: 20 outbound and 19 inbound movements. The test ended at a
peripheral target.

Figure 2-4: Cognitive-Motor Integration Assessment.
A) Each movement started with the red cursor at the center black target. B) The red cursor moved
in the opposite direction of the finger movement as the participant attempted to move it to the
target.

2.2.3.7 Halstead-Reitan finger tapping test. To provide a comparison for the finger
oscillation test, participants also performed the Halstead-Reitan finger tapping test (Lezak
et al., 2012). The finger tapping test is administered using an instrument consisting of a
board with a mechanical counter attached. Participants started with the heel of their hand
resting on the board, their index finger on the lever of the counter, and the remaining fingers
extended and resting on the board (Figure 2-3B). Participants were instructed to tap the lever
as quickly as possible for 10 s. Similar to the finger oscillation test, the finger tapping
test is complete when five trials within five taps of each other are performed. In the
event that this is not accomplished, the average of ten trials is used. The participant is given
as many practice taps as necessary, and rests of 10–90 s were given between trials.
2.2.3.8 Online simple reaction time. To provide a comparison for the QMA reaction
time test, participants completed the Red Light–Green Light online reaction time test (Allen,
2002). They were instructed to place any digit of the hand being tested on the space bar of a
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standard external keyboard and press it when the stoplight in the figure changed from red to
green. The average time of five trials was recorded for each hand.
2.2.3.9 NIH Toolbox standing balance test. For comparison with the QMA balance
test, participants also completed the NIH Toolbox standing balance test (Hodes et al., 2013).
Participants wore a gait belt with an accelerometer synced to an iPad running the balance test
software. Since the instrumentation and protocol of the NIH Toolbox were compatible with
those of the QMA balance test, the two tests were performed simultaneously. The QMA
balance test trials finished 20 s before NIH Toolbox balance trials, so the participant was
instructed to hold the pose until both tests were complete. After each of the five poses
(described previously for the QMA balance test), data were transferred from the
accelerometer to the iPad.
2.2.4 Data processing. Raw position data from the Leap Motion controller
(position/orientation of the fingertips/palm/dowels) were processed in several steps. Since
the raw data were sampled at a variable sampling rate, raw data from all tests (except the
reaction time test) were resampled at a constant rate of 100 samples per second. Motion
capture errors, including loss of tracking, were identified and removed in an automated
fashion. More specifically, gaps in time greater than 50 ms, jumps in position of more than
30 mm, and movements less than 20 samples long were labeled as invalid and excluded from
the analysis. These threshold values were chosen after a thorough visual inspection of the
data. After this processing, we extracted measures for each test. Most measures are those that
are reported on the traditional tests from which each QMA test was adapted, including those
measures, such as movement speed and efficiency, that were qualitatively observed. Those
measures are described in detail as follows and summarized in Table 2-1.
2.2.4.1 QMA finger oscillation test. Measures calculated for the finger oscillation
assessment include the average number of finger oscillations for each hand and the regularity
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of the oscillations. The average number of finger oscillations was calculated over the five
trials that were within five oscillations of each other. If the participant was not able to
complete five trials within five oscillations of each other, the average was calculated for all
10 trials. Variation in period (s) and amplitude (mm) was defined as the standard deviation
of the period and amplitude of individual oscillations. Therefore, larger standard deviations
indicate greater irregularity of movement.
2.2.4.2 QMA postural tremor. Tremor most commonly manifests between 4 and 12
Hz (Deuschl, Bain, Brin, & Comm, 1998), which we call the tremor band. The amount of
postural tremor was defined as the power in the tremor band, computed as the area under the
power spectral density (PSD) curve between 4 and 12 Hz. Without compensation, the
bandwidth of the LMC is too low to track tremor accurately, so before computing the PSD
we passed the output of the LMC through an inverse filter designed to compensate for
the low bandwidth (Kincaid, Vaterlaus, Stanford, & Charles, 2019). We integrated the
PSD by trapezoidal integration over the tremor band, resulting in a measure of power
for each repetition, axis (x, y, and z), and hand. Measures were averaged across
repetitions and summed across axes, resulting in one measure of total area per hand.
2.2.4.3 QMA visually guided movement test. The visually guided movement task
provides measures of dysmetria, path ratio, and maximum speed. Dysmetria was defined as
the distance between the center of the cursor at the end of the movement and the edge of the
target, normalized by the distance between the cursor at the onset of the movement and the
edge of the target. (We normalized to account for differences in distance between targets,
which for this test were located at the corners of a square). It is reported as a percent of the
path length. Path ratio is a ratio of the path length to the direct distance between the onset
position and the position at the end of movement. Max speed is the maximum speed between
the onset and end of each movement. The onset and end of a movement were defined based
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on 5% of the maximum velocity, which was calculated by numerical differentiation
with subsequent low-pass filtering (Kincaid et al., 2019).
2.2.4.4 QMA simple reaction time.

Reaction time was defined as the time between

the appearance of the visual stimulus (the change of the background from white to green)
and the moment the center of the palm exited the 25 mm circle. The 25 mm circle followed
the center of the palm of the hand during the waiting period, allowing subjects to drift within
the large circle. The reported measure is the average of ten trials for each hand.
2.2.4.5 Balance tests.

To assess balance from the QMA test, the path of the crown

of the head was extrapolated from the position and orientation of the two dowels protruding
from the helmet (Figure 2-3). After accounting for time gaps and tracking losses, the
normalized path for the crown of the head was calculated by:
N−1

1
Normalized Path = ��𝐩𝐩j+1 − 𝐩𝐩j �
t
j=1

where t is time duration, N is the number of samples, pj is the position of the crown in three
dimensions at time sample j, and |pj+1 - pj| is the distance between positions (mm) at samples
j and j+1.
Similarly, balance measures from the NIH Toolbox balance test are the normalized
path lengths calculated from the anterior-posterior sway using the same equation, where t is
time, N is the number of samples, and pj is the accelerometer data (in units of gravity (g)) at
time j.
2.2.4.5 QMA cognitive-motor integration test. Measures from the cognitive-motor
integration task include constant error, variable error, path length, path ratio, and maximum
speed. Constant error is a measure of response bias, defined as the mean distance between
the movement endpoints and the target center. Variable error is a measure of consistency,
defined as the mean distance between the endpoints of the individual movements and the
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mean movement endpoint. Path length is the distance travelled between the onset and end of
movement. Path ratio is a ratio of the path length to the direct distance between the onset
position and the position at the end of movement. Finally, max speed is the maximum speed
between the onset and end of each movement. The onset and end of a movement were defined
based on 5% of the maximum velocity, which was calculated by numerical differentiation
with subsequent low-pass filtering. Only outbound movements (center to side edge) were
included in the analysis.
2.2.5 Data analysis. Two primary goals drove the data analyses: 1) Provide
descriptive statistics for each test in the QMA, and 2) Compare QMA norms and trends to
those of similar, traditional non-MMC tests. Additionally, to get a sense of the ability of the
QMA to identify motor deficits we also compared some QMA results from a small patient
population to the normative data.
Trials with values greater than three standard deviations from the mean were
considered outliers and excluded from the analysis. Roughly two percent of more than 2500
values were excluded in this manner. To establish each measure’s normative range, the
dataset was tested for normality using normal quantile plots. Measures not normally
distributed were transformed with a log transform and the transformed data were verified for
normality. Regressions were preformed to determine the effect of age and gender on each
measure. Pearson correlation tests and ANOVAs with a Bonferroni correction were used to
quantify relationships between QMA and traditional measures and identify trends in the
QMA data. Statistical tests were performed using JMP Pro 13.0 (SAS Institute, Cary, NC).
2.3 Results
2.3.1 Normative data. In general, the unimpaired subjects performed the tasks as
expected, resulting in 31 QMA measures per subject. To establish a normative database, we
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summarized these measures as median, quartiles, mean, standard deviation, and confidence
intervals (Table A-1). Some of those findings are highlighted in Figure 2-5 and Figure 2-6.

Figure 2-5 Descriptive statistics of finger oscillation test.
Number of oscillations for males and females grouped by age (under 30 years old and 30 years and
older). The box shows the median and 1st and 3rd quantiles. The whiskers indicate the min and
max. The diamond is the mean and 95% CI. The dots are outliers. The red line indicates the shortest
half.

Figure 2-6 Maximum Speed (mm/s) results.
Max speed during the cognitive-motor integration (CMI) and visually guided movement (VGM)
tests grouped by age: 18-50 years (CMI), 30 years and older, and under 30 years (VGM). The box
shows the median and 1st and 3rd quantiles. The whiskers indicate the min and max.
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2.3.2 Comparison to traditional tests. Three QMA tests were compared to analogous
traditional clinical tests: 1) the finger oscillation test was compared to the Halstead-Reitan
finger tapping test, 2) the QMA reaction time test to the online reaction time test, and 3) the
QMA balance tests to the NIH Toolbox balance tests. As previously mentioned, we did not
administer traditional analogs of the postural tremor, visually guided movement,
or cognitive-motor integration tests because the analogs of the postural tremor and
visually guided movement tests dictate zero values for an unimpaired population, and
there is no traditional analog for the cognitive-motor integration t est.
2.3.3 Correlations. In our data from unimpaired subjects, the results of the QMA tests
did not correlate well with their traditional counterparts. The finger oscillation tests for
each hand were only weakly correlated to the finger tapping tests for the corresponding hand
(right hand r = 0.23, p = .023; left hand r = 0.33, p <.001). Surprisingly, there were no
significant correlations between the reaction time tests nor between the balance tests.
2.3.4 Behavioral Trends. In contrast to the correlations, the behavioral trends of
the QMA tests generally matched those of the traditional tests.
2.3.4.1 Finger tapping/oscillation. The finger oscillation test showed similar trends
with gender and age as the finger tapping test. According to the Handbook of
Normative Data for Neuropsychological Assessment (Mitrushina, Boone, Razani, &
D’Elia, 2005), sex and age exert powerful effects on tapping speed, with men consistently
tapping faster than women, and slowing occurring with age. In harmony with this past
finding, our finger tapping test results showed a main effect for gender on both hands
(right: F(1, 100) = 37.37, p < .0001; left: F(1,100) = 31.64, p < .0001). Males performed
more taps than females on both hands (p < .0001 for both), with a mean difference of
6.12 taps (95% CI [4.13, 8.11]) on the right and 6.08 taps (95% CI [3.93, 8.22]) on the
left. Similarly, our finger oscillation test exhibited a main effect for gender on both hands
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(FO right: F(1,100) = 7.62, p = .007; FO left: F(1, 100) = 11.53, p = .001). Men made
more finger oscillations than women, with a mean difference of 5.72 oscillations on the
right (95% CI [1.61, 9.83]) and 6.13 oscillations on the left (95% CI [2.54, 9.71]).
Although our finger tapping test results did not manifest the significant decline in the
number of taps with age observed in previous studies, the finger oscillation test did show a
significant decline in the number of finger oscillations with age (0.76 oscillations/year on
the right, p < .0001; 0.63 oscillations/year on the left, p < .0001). For the finger oscillation
test, we also analyzed the regularity of finger oscillations but did not find any effect of age
or sex.
2.3.4.2 Speed and Reaction Time. As slowing is a common characteristic of aging
(Lezak et al., 2012), we investigated changes in maximum speed and reaction time with age
in our tests. The maximum speed during visually guided movement declined with age on both
hands (right F(1, 96) = 36.05, p < .0001); left F(1,96) = 28.3, p < .0001). The same was not
true for maximum speed during cognitive-motor integration, though this result is
inconclusive as only five of the 31 research participants who completed this test were over
30 years old. The QMA reaction time test showed a slowing of reaction time with age (right
F(1,98) = 10.29, p = .0002; left F(1,98) = 13.79, p = .0003); however, the increase in
reaction time was too small to be meaningful (less than 0.01%). Surprisingly, the online
simple reaction task showed no significant change in reaction time with age even though
reaction time has been shown to increase with age (Fozard, Vercruyssen, Reynolds,
Hancock, & Quilter, 1994; Hultsch, MacDonald, & Dixon, 2002). Also, there were no
significant differences between genders on any of these tests despite past evidence of a
gender gap in reaction time, though this gap has significantly narrowed over time
(Silverman, 2006).
2.3.4.3 Balance. Trends in the QMA balance tests were similar to those on forceplatform tests (Dault, de Haart, Geurts, Arts, & Nienhuis, 2003; Era et al., 2006),
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computerized posturography (Cohen, Heaton, Congdon, & Jenkins, 1996; Pickett et al.,
2007), and Romberg tests (Vereeck, Wuyts, Truijen, & de Heyning, 2008), which exhibit
more sway in standing postures with the eyes closed on unstable surfaces (compared to eyes
open and stable surfaces). In harmony, we found in our QMA balance tests that the sway of
the head was greater with eyes closed on both hard and soft surfaces (p < .0001 in both cases).
Head sway was also greater on the less stable soft surface (compared to the hard surface)
with eyes open or closed (p < .0001 in both cases). Similarly, the sway measured at the hip
in the NIH Toolbox balance test was greater with eyes closed on both hard and soft surfaces,
and greater on the soft surface with eyes open or closed (p < .0001 in all four cases). In both
the QMA and NIH Toolbox balance tests, the greatest mean difference in the amount of sway
was between the stable hard surface with eyes open and the less stable soft surface without
the benefit of visual cues (p < .0001 for both tests).
2.3.5 Preliminary evaluation with TBI group. As a preview, we also administered the
QMA to a sample group of four individuals with varying degrees of traumatic brain injury
(Table 2-1) and compared their results (on the QMA and on traditional tests) to the normative
database. After accounting for sex and age, we found that the QMA results reflected the
prevailing notion that the type and range of TBI-rated impairments are heterogeneous and
unpredictable (Figure 2-7). For example, although one might expect the individual with the
severe TBI to exhibit a greater number and/or degree of deficits than the individuals with
mild TBI, our QMA results indicated that one subject with mild TBI (mTBI-46) displayed
more movement deficits than the participant with severe TBI even though both injuries were
more than 3 years old. The individual with moderate TBI exhibited an even greater number
and degree of motor impairments than the others, whereas the individual with mild TBI with
the least amount of recovery time (mTBI-7) did not exhibit any deficits on the QMA. Such
unpredictable results are consistent with those of a robotic movement assessment, in which
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the number of impairments identified in each participant did not correspond to the level of
severity of their head injury (Debert et al., 2012).
In this sample group, the traditional tests identified many of the same upper-body
deficits as the QMA. The finger tapping and finger oscillation tests agreed on five of the
seven finger oscillation/tapping speed scores for each of the two hands of the four individuals
(one of the eight was invalid), identifying three (the left hand of sTBI, and both hands of
modTBI) as slower than the norm and two (right hands of both mTBI-46 and mTBI-7) within
the norm. In the remaining two scores, the finger tapping and finger oscillation tests
disagreed: the right hand of sTBI and left hand of mTBI-46 were slower than the norm on
the finger oscillation test but within the norm on the finger tapping test. Similarly, the QMA
reaction time and online reaction time tests were mostly in agreement. Of the eight they
identified the same three cases as slower than the norm and the same four cases as within the
norm. In the remaining case (left hand of sTBI), the traditional test indicated a deficit,
whereas the QMA did not. In contrast, the QMA and traditional balance tests showed large
disagreement: the NIH Toolbox test identified almost twice as many balance issues as the
QMA.
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Figure 2-7: Normative scores for a sample group of four individuals with TBI.
Bars indicate scores on QMA tests. Star-shaped markers indicate normative scores on analogous
traditional tests. Bars without an associated marker indicate QMA tests without an analogous
traditional test. Scores outside of the ±2 shaded area indicate a motor deficit. Arrows along the left
axis indicate the direction (positive or negative) in which a deficit would be expected.

2.4 Discussion
The aim of this research was to leverage novel technology to develop a quantitative
motor assessment and associated normative database, and to compare the QMA to traditional
clinical tests. The proposed QMA provides movement data with relatively high accuracy
(~1mm) and sampling rate (~100 samples/s), reduces the subjectivity of motor assessment
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scores, requires virtually no setup or processing time, and is portable, inexpensive, and userfriendly. We administered portions of the QMA to 132 unimpaired subjects and, as a
preview, to four subjects with TBI. This study demonstrates the feasibility of measuring
clinically relevant movement characteristics with markerless motion capture (particularly the
Leap Motion controller) and of administering the QMA in both unimpaired and impaired
individuals. This study also exposed limitations in the QMA that need to be addressed before
it (or similar assessments using MMC) is ready for clinical tests.
2.4.1 Comparison between QMA and traditional tests. The lack of correlation
between the QMA and traditional tests begs the question: given our efforts to make the QMA
as close as possible to the traditional tests, why were the results not more correlated? Despite
our efforts, the constraints of the Leap Motion controller imposed some significant
differences between the QMA and traditional tests. In the finger tapping test, participants
rest their hand on a table, and the working index finger receives haptic feedback from the
lever. In contrast, the finger oscillation test requires muscle strength at the shoulder and
elbow as the participant holds their hand over the sensor and relies on visual feedback from
the screen as they oscillate their index finger in the air. Also, due to limitations in the Leap
Motion controller (described in the following section) and computer components, the visual
feedback lagged subjects’ actual finger tapping, and the tapping amplitude appeared smaller
than the actual movement. The reaction time test elicited movement at the wrist and elbow,
whereas the traditional test using a keyboard required only movement of a finger in a
keyboard press. The QMA balance tests measured the path of the crown of the head, whereas
the NIH Toolbox balance tests measures movement at the hips. Despite the lack of
correlation for unimpaired subjects, the QMA and traditional tests were mostly aligned on
gender and age effects. Importantly, correlation between the QMA and traditional tests was
determined using only data from unimpaired subjects, who group together on one extreme

37

A QMA LINKED TO TBI

of the spectra of measures. We expect the correlation between QMA and traditional tests to
be higher when we include data from impaired subjects.
A significant outcome of this study is that markerless motion capture can provide
measures of movement previously unavailable in clinical practice. In tandem with careful
observation from the test administrator, these measures could yield deeper insight into the
causes underlying deficits. For example, poor performance on the finger oscillation test may
be caused by weakness or irregularity. The data captured by MMC allow one to easily
calculate measures relating to these causes, such as movement speed vs. variability in
frequency or amplitude. As another example, slow movements in the visually guided
movement test may indicate a motor deficit or be due to the participant unknowingly trading
speed for accuracy, as seen in Fitts’s Law (Cheong, Shehab, & Ling, 2013; Fitts, 1954). The
QMA measures of dysmetria, path length, precision, and movement speed could be used to
understand the reasons underlying poor performance. Finally, during the cognitive-motor
integration test, observations of a test subject’s emotional state, e.g. frustration or depression,
along with the QMA test measures may provide insights into disruptions or modulations in
communication between the brain regions responsible for planning and executing movement
when cognition is involved (Ackerley, Aimonetti, & Ribot-Ciscar, 2017; Brown, Dalecki,
Hughes, Macpherson, & Sergio, 2015).
2.4.2 Preliminary evaluation of impaired subjects. Toward the goal of gauging the
ability of the QMA to identify motor deficits, we administered the QMA to four participants
with TBI and found that 23% of these individuals’ QMA measures were outside the
normative range. When comparing deficits identified by the QMA to those identified by
traditional tests, we found evidence of sensitivity in the upper-limb movement tests (i.e.
excluding the balance tests). In the 7 of 15 cases in which the traditional test identified an
upper-limb deficit, the corresponding QMA test also identified a deficit in all but one case
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(left QMA reaction time for sTBI). In two cases, the QMA flagged impairments that the
traditional test did not (right finger oscillation for Subjects mod- and sTBI). In contrast, the
QMA balance tests did not show evidence of sensitivity. QMA balance test results agreed
with the NIH Toolbox results on only two of the twelve identified balance issues. The tests
exposed multiple weaknesses of the QMA balance test, and it was deemed inferior to the
NIH Toolbox balance test as described in the limitations.
2.4.3 Advantages and disadvantages of sensor-based movement assessments. This
study exposed strengths and weaknesses of using MMC in general to evaluate movement
deficits. (Specific limitations of the Leap Motion controller are discussed in section 2.4.4.)
It is clear that MMC can provide advantages in some situations but is not a practical solution
for all situations. Compared to traditional clinical tests, MMC provides greatly increased
accuracy, sampling rate, number of samples, and number of potential measures. However,
patients may be unfamiliar with (or even intimidated by) MMC systems and find it difficult
to relate to visual feedback on a computer monitor, which usually requires at least some
visuomotor transformation. Also, any automated test focuses only on the aspects for which
the test was designed and may miss subtle or even obvious aspects observable by a trained
clinician. In light of these strengths and limitations, MMC systems may be most valuable in
the following situations: 1) automated pre-screening, 2) regular evaluations to determine
effect of interventions or progression of disorder (as opposed to diagnosis), 3) evaluations at
home or in care centers with little access to movement-disorder expertise, and 4) for patients
whose movement deficits are not well-captured by traditional clinical tests, including
subjects with mild deficits where traditional tests often fail to pick up anything, or very severe
deficits where traditional scales often run into a ceiling effect.
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2.4.4 Limitations. There were limitations with the equipment and tests affecting the
data processing, and limitations in the generalizability of the normative database due to the
study population.
Although the LMC accurately measures oscillatory movements of low frequency
(less than approximately 3 Hz), because of limited bandwidth it does not accurately measure
oscillatory movements of higher frequency. We previously developed an inverse filter to
estimate the actual tremor amplitude and phase despite the limited bandwidth (Kincaid
et al., 2019). This inverse filter was designed to be applied in post-processing and was
used to estimate the actual tremor amplitude in our PT test. However, the inverse
filter does not work in real time and was therefore not applied to our FO test.
Consequently, the visual feedback on the GUI was incongruent in two ways. First, the
cursor representing the subject’s fingertip moved less than the subject’s actual fingertip.
This discrepancy was negligible for slowly oscillating movements but increased for
faster oscillating movements. For a fingertip oscillating at 5 Hz (50 taps in 10 sec), the
amplitude of the cursor oscillations were approximately 80% of those of the fingertip
(Kincaid et al., 2019). Second, the cursor representing the subject’s fingertip
lagged behind the subject’s actual fingertip. For a fingertip oscillating at 5 Hz, the lag
due to the limited bandwidth of the LMC was approximately 50 ms, which corresponds
to a lag in phase of 90°. This lag was likely exacerbated by the limited refresh rate of the
monitor. The combination of incongruent feedback in both amplitude and timing
likely reduced subjects’ ability to make finger oscillations as quickly as possible,
and some subjects chose to ignore the GUI and focus instead on internal
(proprioceptive and visual) feedback.
There were shortcomings in the QMA balance test and the visual guided
movement test. In hindsight, the QMA balance test was deemed inferior to the NIH
Toolbox balance test for multiple reasons. First, sway at the hip is a more direct measure of
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postural instability than sway at the head. Second, measuring body sway with the Leap
Motion controller required special equipment, including a helmet equipped with dowels
and a tripod for mounting the controller close to the helmet (incidentally, newer editions of
the Leap Motion controller software no longer support recognition of tools, including
dowels). Third, body sway sometimes caused the dowel tips to exit the small sensing
volume of the controller, causing momentary loss of data. This was especially true for
movement-impaired subjects and for the balance tests designed to elicit more sway (soft
surface, eyes closed). That said, MMC systems designed to measure whole-body motion
would likely be well suited to quantifying body sway, provided future versions have
sufficient accuracy. Such systems would allow one to measure sway throughout the body
with virtually no setup time.
The visually guided movement also has several limitations. First, to complete 60
movements, subjects were required to extend their arm against gravity for an average of 110
s. This occasionally presented a problem for unimpaired subjects and would be prohibitive
for many impaired subjects. To mitigate this challenge, one could reduce the number of
movements, provide more frequent rest breaks, or use a commercially available arm support
device. Second, during testing the participant’s forearm occasionally obstructed the view of
a new target. This occurred mainly when the right hand was pointing to the target in the upper
left corner and the new target appeared in the lower right corner. Third, whereas the
traditional finger-to-nose test requires hand movements in three dimensions, the QMA test
only required movement in two dimensions. The QMA is capable of measuring movement
in three dimensions but providing visual feedback in three dimensions is challenging. We
conducted pilot tests in which the cursor changed size with depth, but participants either
ignored or did not understand this visual feedback.
The normative data were collected from a college community where the majority of
the participants have more than 12 years of education. Some motor test results, such as
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reaction time, are known to be influenced by participants’ level of education (Lezak et al.,
2012). Thus, some of the normative data may not be representative of populations with less
education.
2.5. Conclusions
This study demonstrates the feasibility of using MMC to identify motor deficits. It
also highlights the ability of a particular MMC system—the LMC—to provide objective,
sensitive, quantitative motor assessments. There are limitations that need to be addressed in
both the MMC device and the QMA design before they are suitable for routine clinical
testing, but this study provides a framework from which future studies can build. As MMC
systems continue to advance, especially in the area of whole-body MMC, the possibilities
for more tests, including gait analysis, become more practical in the clinical setting. QMA
has the potential to establish outcome measures not only as a prescreening tool, but also for
periodic evaluation of progression of disorders and effectiveness of interventions. Paired
with a clinician’s observations, such quantitative assessments may enable more
individualized treatments.
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CHAPTER 3 Comparing the Sensitivity of Motor Assessments in TBI
3.1 Introduction
Motion capture technology developed primarily for the gaming community has
potential for filling a critical gap in care for individuals who have suffered a traumatic brain
injury (TBI). The gap in care was illustrated in a longitudinal study in which almost 40% of
the 13,700 TBI participants had regressed below rehabilitative gains attained 1-2 years postinjury when measured again five years post-injury (Corrigan et al., 2014). The Centers for
Disease Control and Prevention (CDC) made a number of recommendations to address this
gap, among which was a call to “develop comprehensive outcome measures that enable
measurement of treatment effectiveness specific to the TBI population” (Centers for Disease
Control and Prevention, 2015).
In the studies responding to this call, technological devices have advanced to the
forefront. In the motor domain, they set the stage for sensitive and quantitative tests to
identify, and in some cases treat, motor deficits. Reported efforts include measured results
from rehabilitation robots (Debert et al., 2012; Germanotta et al., 2015), posturography
(Basford et al., 2003; Dehail et al., 2007; Kaufman et al., 2006; Pickett et al., 2007), video
analysis with high-speed cameras (Chang et al., 2005; Kuhtz-Buschbeck et al., 2003;
Williams, Morris, Schache, & McCrory, 2009), and accelerometers (Dobkin & Dorsch,
2011; Hodes et al., 2013). Unfortunately, most assessments involving these instruments
require extensive set-up or are cost-prohibitive, making them impractical for clinical use.
Markerless motion capture (MMC), though originally designed for video gamers,
provides a way to record movements with accuracy, cost, and set-up time appropriate for
clinical settings. For example, studies show that MMC has great potential to be used as a
neurological rehabilitation training device to improve both motivation and function
(Knippenberg et al., 2017). MMC can be used as a remote monitor to check for correct
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posture and form for at-home rehabilitation exercises (Capecci et al., 2018). It has potential
to monitor athletes for the onset or effects of a concussion throughout a sports season
(Nguyen et al., 2015). MMC has been shown to work well to evaluate specific aspects of fine
motor (Li et al., 2018), gross motor (Mauntel et al., 2017) and visually guided (NiechwiejSzwedo et al., 2018) movement. In comparisons to marker-based motion capture for upperlimb (Smeragliuolo, Hill, Disla, & Putrino, 2016), trunk, and lower-limb movements (Perrott
et al., 2017), MMC provided reliable measures in many (but not all) clinically relevant joint
angles. Currently lacking, however, is an MMC-based motor assessment that provides the
“comprehensive outcome measures that enable measurement of treatment effectiveness
specific to the TBI population” called for by the CDC.
Previously, in our first step towards such comprehensive measures, we leveraged
MMC technology to develop a quantitative motor assessment (QMA) that accurately
measures and records the position of fingers and hands during activities that mimic
traditional clinical assessments (Johnson et al., In review; Kincaid et al., In
review). Specifically, we used a particular MMC device, the Leap Motion
Controller (LMC) (Leap Motion, San Francisco, CA), to administer five upper-limb
movement tests. As a starting place, we based the QMA on specific traditional
psychomotor tests chosen primarily for their utility to the clinician and their adaptability to
administration with MMC technology. During tests with healthy subjects, two were
found to be poorly suited to the LMC, leaving the following three tests: finger
oscillation, which provided information

about

distal

muscle

control;

simple

reaction time, an indicator of processing speed; and visually guided movement,
an assessment of visuomotor control.
We later added two technology-based motor tests designed to challenge the motor
system while also accurately measuring movement. One is a cognitive-motor
integration (CMI) assessment that we developed for use with MMC. It is a visuomotor
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reflection test that requires the user to recognize and apply an unintuitive rule for
controlling a computer mouse during execution of a pointing task. The other is a strengthdexterity (SD) pinch test (Neuromuscular Dynamics LLC, Los Angeles, CA) that, though
not MMC-based, provides a quantitative, objective method for detecting deficits in
manual dexterity (Lawrence et al., 2015). It requires the user to manipulate a slender,
unstable spring that is outfitted with miniature sensors to quantify the thumb and index
finger forces acting on it. The SD test is simple yet sophisticated in that it is quick and
easy to administer, but demands a complex balance between force and control, providing
a measure of finger dexterity.
The sensitivity of the QMA, CMI and SD tests have not yet been examined. The
purpose of this research was to 1) present deficits measured by the QMA battery and paired
CMI and SD tests (hereafter called CMI-SD), and 2) compare the sensitivity of the QMA
and CMI-SD tests to each other and to traditional, similar but non-MMC, tests. It was
our hypothesis that because the QMA, CMI, and SD tests each produce accurate,
quantitative, high resolution measurements, they are more sensitive than traditional,
clinical assessments. Because there is no gold standard on which to base the sensitivity of
the tests, and because the technology-based tests in some cases measure different
phenomena than the traditional tests (Johnson et al., In review), we determined the
sensitivity of the tests based on their ability to classify subjects as having a TBI.
3.2 Methods
3.2.1 Participants. Thirty individuals with TBI (Table 3-1), aged 18-50 years old,
participated in this study. They were recruited from the Utah County area, the University
of Utah Hospital, and brain injury support groups via fliers. Candidates were included if
their injury was less than 5 years old, they had no history of movement issues prior to their
injury, were not taking medications that affected movement, and had sufficient cognitive
ability to follow the instructions for completing the QMA, CMI-SD, and traditional
batteries. Note that
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only 20 of the 30 subjects completed the CMI-SD assessments because they were added later.
The TBI severity was determined by self-reported duration of altered memory state, loss of
consciousness, and post-traumatic amnesia (Amyot et al., 2015). Thirty sex- and agematched healthy individuals with no history of head injury or movement disorders completed
the CMI-SD tests. In a previous study, we created a database of QMA and traditional
test norms with 132 healthy individuals (Johnson et al., In review).
Nearly all participants completed the testing at Brigham Young University. Two TBI
participants completed their testing at the University of Utah. All tests were administered by
the same individual (PJ). All participants provided written consent approved by the
Institutional Review Board of Brigham Young University or the University of Utah,
depending on the location of testing.
Table 3-1 TBI Group Demographics
Severity of TBI is categorized as mild (m), multiple mild (mm), moderate (mod) and severe (s).
Information is sorted according to injury severity, mild to severe, and then age of injury oldest to
most recent.

Age of
Injury
(mos)

Subject
ID

Age
(years)

Sex

Severity

1

21

f

m

59

motor vehicle accident and hit by
object

2

22

m

m

48

football hit

3

23

f

m

46

fall ice skating

4

24

f

m

28

wakeboard crash

5

18

f

m

24

cycle hit by car

6

44

f

m

19

motor vehicle accident

7

24

f

m

19

rugby hit

8

45

f

m

12

hit by object

9

25

f

m

12

cycling accident

10

22

male

m

12

Motor vehicle accident

Nature of Injury

46
Age of
Injury
(mos)
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Subject
ID

Age
(years)

Sex

Severity

11

25

f

m

11

rugby hit

12

19

f

m

8

soccer hit

13

22

m

m

8

cycle hit by car

14

24

m

m

8

rugby hit

15

22

m

m

7

hockey hit

16

22

m

m

2

hockey hit

17

24

m

m

0.75

18

22

m

mm

58

football hits

19

22

m

mm

56

football hit and motor vehicle
accident

20

32

f

mm

7

football hits

21

24

m

mm

3

cycling accident

22

19

f

mm

3

ball to head, fall

23

21

m

mm

2

wakeboard crash and rugby hit

24

37

f

mod

16

assault

25

24

m

s

60

motor vehicle accident

26

25

f

s

60

motor vehicle accident

27

19

m

s

59

30 ft fall

28

19

m

s

46

motor cross accident

29

20

f

s

20

motor vehicle accident

30

31

m

s

7

assault

Nature of Injury

sports- elbow to face

3.2.2. Experiment setup. As described in section 2.2 Methods, participants sat square
to a table and interacted with a graphic user interface (GUI) displayed on a computer monitor
(66 cm diagonal) placed 45 cm from the front edge of the table. The LMC was placed in
front of the monitor so that the participant’s hand was directly over the top of it. The LMC
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has static and dynamic accuracies around 0.5 mm and 1.2 mm, respectively (Guna et al.,
2014; Weichert et al., 2013). Prior to the data collection, the LMC was calibrated for the
ambient lighting and for its relative position to the computer monitor on which the QMA was
presented. To reduce any anxiety that might exist over new technology, participants were
introduced to the LMC via the Visualizer GUI (Figure 3-1), which displays a stick-figure
hand and fingers that track the participant’s hand and finger movements. Participants were
encouraged to watch the screen as they moved their hands over the LMC Visualizer, and they
were instructed to keep their hand within the controller’s field of view, which is
approximately 150° deep and 120° wide and extends upward roughly 600 mm from the
surface of the sensor for optimum tracking. The spring for the SD test was calibrated at rest
and maximum compression.

Figure 3-1 Quantitative motor assessment (QMA) test setup.
A) Setup allowing participants to acclimate to Leap Motion controller. B) Finger oscillation test
configuration.

3.2.3 Experiment protocol. Participants completed nine tests (Table 3-2): the three
remaining tests in the QMA battery, the CMI and SD tests, and four traditional tests. The
tests in the QMA battery evaluated finger oscillation, simple reaction time, and visually
guided movement. The traditional tests, chosen for their similarity to the other tests, consisted
of the Halstead-Reitan finger tapping test (Lezak et al., 2012; Reitan & Wolfson, 1993); an
online simple reaction time test involving a keyboard press (Allen, 2002); the Beery
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Visuomotor Integration (VMI) test (6th edition), which, like the visually guided movement
and CMI tests, requires coordinated input to the motor system from multiple brain centers
beyond those used in simple movement tasks; and a grip strength assessment (Dodds et al.,
2014; Haaland et al., 1994), which has no exact analog to the QMA nor CMI-SD batteries,
but is a typical traditional clinical test. Here we present brief descriptions of each test, the
measures acquired, and the process for attaining those measures, including some of those
already described in 2.2 Methods. As clinical depression may be a covariate in movement
speeds (Buyukdura, McClintock, & Croarkin, 2011; Sobin & Sackeim, 1997), participants
also completed the Public Health Questionaire-9 (Kroenke, Spitzer, & Williams, 2001) as a
measure of depression severity.
Table 3-2 Summary of Tests and Measures

Visually Guided Movement

Reaction
time

Finger Oscillation

Test

Measures

Abbrev

Definition

Finger
Oscillation
(count)

FO

Avg. number of times cursor crossed the
15mm gap in 10 seconds

Variability in
Period

VPer

Standard deviation of the period of the
oscillations

Variability in
Amplitude

VAmp

Standard deviation of the amplitude of the
oscillations

Simple reaction
time (s)

SRTQMA

Time between the onset of a visual cue
and when the center of the hand left a
25cm circle that was centered on the palm
of the hand

Dysmetria (% of
direct path
length)

Dys

Distance between the center of the cursor
at the end of the movement and the edge
of the target, normalized by the distance
between the cursor at the onset of the
movement and the edge of the target

Path Ratio

PR

Ratio of the path length to the direct
distance between the onset position and
the position at the end of movement

Maximal Speed
(mm/s)

MxSVGM

Maximum speed of finger between onset
and end of movement.
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Beery VMI Grip
Strength

Online
reaction
time

Finger
Strength
tapping test Dexterity Test

Cognitive-motor Integration

Test

Measures

Abbrev

Definition

Constant Error
(mm)

CErr

Mean distance between the movement
endpoints and the target center

Variable Error
(mm)

VErr

Mean distance between the endpoints of
the individual movements and the mean
movement endpoint

Path Length
(mm)

PL

Distance traveled between the onset and
end of movement

Maximal Speed
(mm/s)

MxSCMI

Maximum speed of finger between onset
and end of movement

Response Time
(s)

RspT

Time between appearance of cue and the
arrival of the finger at the target

Force (N)

F

The average force of the compressed
spring over 5 trials

Asymmetry
between hands
(% difference)

Asym

Percent difference in dexterity between
hands

Number of taps
(count)

HRFTT

The average number of times the lever on
a mechanical counter was pressed by the
index finger in 10s

Simple reaction
time (s)

SRTKey

Time between appearance of a green light
and a keyboard press

Distal Limb
Strength (kg)

Grip

The force generated while squeezing a
hand dynamometer.

Visual- motor
integration
(standardized
score)

VMI

The extent to which an individual can
integrate visual and motor abilities.

3.2.3.1 QMI finger oscillation. In the finger oscillation task, participants were asked
to move their index finger up and down as quickly as possible. Participants were presented
with a GUI that contained two horizontal parallel lines, spaced 15 mm apart, and a black
ball-shaped cursor controlled by the user’s index finger (Figure 3-1). The participant was
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instructed to move the cursor above and below the two horizontal lines as many times as
possible in 10 seconds. While doing so, they were to keep their wrist and shoulder stationary
and move only at the finger joint. The assessment was complete when the participant
performed five ten-second trials that were within five oscillations of each other. In the event
that this requirement was not met within ten trials, the number of oscillations in all ten trials
were averaged. Prior to starting, participants were given as many practice trials as desired.
Rest periods of 10-90 s were given between each trial. Participants completed the test with
one hand before moving on to the next hand. Test measures included the average number of
finger oscillations over the five (or ten) trials and the regularity of these oscillations in terms
of amplitude and period (calculated as the average standard deviation of amplitude and
period of the oscillations, respectively).
3.2.3.2 QMA simple reaction time. The QMA simple reaction time test measured
participants’ reaction time following a visual stimulus. Participants centered their hand over
the LMC. At a random time between 0.5 to 5 s, the GUI background color suddenly changed
from white to green, cuing the participant to quickly move their hand (Figure 3-2). Ten trials
were performed with each hand.
Reaction time was defined as the time it took for the participant to move 25 mm in
any direction from the moment the visual cue appeared. The reported measure is the average
time of ten trials for each hand.
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Figure 3-2 QMA Simple Reaction Time GUI
(A) Initialized with hand-shaped cursor at the center of the circle. (B) Background color change is
visual cue to move the cursor out of the circle.

3.2.3.2 QMA visually guided movement test. In the QMA visually guided movement
test, participants moved a cursor from target to target as they appeared one at a time in the
corners of the GUI. The cursor was controlled by the user’s index fingertip. Participants were
instructed to move the cursor to the new target as quickly and accurately as possible. Sixty
targets were presented one at a time in pseudo-random order so that the 12 possible finger
paths were travelled five times in each of two trials.
Calculated measures included dysmetria, path ratio, and maximum speed. Dysmetria
was defined as the distance between the center of the cursor at the end of the movement and
the edge of the target, normalized by the distance between the cursor at the onset of the
movement and the edge of the target. Path ratio was a ratio of the user’s path length over the
direct distance between the onset position and the position at the end of movement. The onset
and end of a movement were defined based on 5% of the maximum velocity.
3.2.3.3 Cognitive-motor integration test (CMI). The CMI test measured participants’
ability to adapt to a visuomotor reflection. Similar to the visually guided movement test, the
CMI test required participants to quickly and accurately move a cursor to a target; however,
the cursor moved in the direction opposite of the finger movement. For example, if the
participant moved their finger downward, the cursor moved upward (Figure 3-3). The targets
appeared at the center, top, right, bottom, or left edge of the screen one at a time. The
participant always started at the center target, moved to the peripheral target when it
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appeared, and then returned to the center. The participant was forewarned that the movement
of the cursor may not behave the way they expected but was given no other information about
the behavior of the cursor. Twenty targets were presented pseudo-randomly so that each of
the four possible movements between the center and the peripheral targets were performed
five times, for a total of 39 movements for each hand: 20 outbound and 19 inbound
movements (the test ended at a peripheral target).
Measures extracted from the CMI task included constant error, variable error, path
length, response time, and maximum speed. Constant error is a measure of accuracy, defined
as the mean distance between the movement endpoints and the target center. Variable error
is a measure of consistency, defined as the mean distance between the endpoints of the
individual movements and the mean movement endpoint. Path length is the distance travelled
between the onset and end of movement. Finally, maximum speed is the maximum speed
between the onset and end of each movement. Only outbound movements (center to
peripheral target) were included in the analysis.

Figure 3-3 Cognitive-Motor Integration Test.
A) Participants moved a cursor from a center target to a peripheral target. B) However, the cursor
moved opposite the direction of the participant’s finger.

3.2.3.4 Strength-dexterity (SD) test. In the SD test, participants were asked to
compress a slender spring as much and as long as possible for 10 s, using only the pads of
their thumb and index finger. All the other fingers had to be extended and not touching the
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index finger. The participant received real-time visual feedback of the compression level on
a tablet screen (Figure 3-4). Faint lines showing the results of previous runs were also
displayed on the tablet for comparison. The participant was warned that the spring would
become more unstable with increasing compression but encouraged to embrace the
challenge. The participant completed ten trials with each hand.
The data were processed by Neuromuscular Dynamics, LLC (NMD). Measures
included the mean force and standard deviation of each run for each hand, and the difference
in dexterity between the two hands, expressed as the percent difference in the coefficient of
variance between the right and left hand.

Figure 3-4 Strength-Dexterity (SD) Test
A) Participants compress a slender unstable spring. B) A real time display provides feedback.

3.2.3.5 Halstead-Reitain finger tapping test (HRFTT). To provide a comparison for
the finger oscillation test, participants also performed a non-MMC analog, the HalsteadReitan finger tapping test (Lezak et al., 2012; Reitan & Wolfson, 1993). Following the
standard protocol for this test, participants started with their index finger on the lever of
a counter mounted to a board, and the remaining fingers and heel of the hand resting on
the board. They were instructed to tap the lever as quickly as possible for 10 s. Similar
to the finger oscillation test, the finger tapping test was complete when five trials within
five taps of each other were performed. In the event that this was not accomplished, the
average of ten trials was used. The participant was given as many practice taps as necessary
and had 10–90 s rests
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between trials. The outcome measure (count) was the average number of taps in the five (or
ten) trials.
3.2.3.6 Online simple reaction time test. To provide a comparison for the QMA
reaction time test, participants also completed an analog, the Red Light–Green Light online
reaction time test (Allen, 2002). Participants pressed the space bar on a standard keyboard
when a traffic light image on the screen changed from red to green. The average reaction
time of five trials was recorded for each hand.
3.2.3.7 Beery test of visual motor integration (VMI). Similar to the VGM and CMI
tests, the Beery VMI assesses the extent to which an individual can integrate visual and motor
abilities. To complete the Beery VMI, the participant copies, using pen and paper, a series of
24 geometric forms arranged from simple (e.g. a circle) to more complex (e.g. a threedimensional star). The Beery VMI is based on Score and No Score criteria that are welldefined (Beery & Beery, 2010; McCrimmon, Altomare, Matchullis, & Jitlina, 2012).
Standardized norms are provided for the raw scores in the Beery VMI test kit (Pearson
Education, San Antonio, TX).
3.2.3.8 Grip strength. To measure hand strength, participants performed a grip
strength test using the Smedley hand dynamometer (Stoelting, Wood Dale, IL). It measures
hand grip strength up to 100 kg in 500 g graduations. After we adjusted grip size for the
participant’s hand, the participant stabilized their arm against their trunk, with their palm
facing in, MCP joints facing down, and wrist straight. The participant squeezed until
maximal effort was attained.
3.2.4 Statistical analysis. The primary analyses were to explore how well the motor
tests identified motor deficits in the TBI group and to test the sensitivity of the three test
groups. All statistical tests were performed in R (version 3.5.3).
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3.2.4.1 Identifying motor deficits. To identify motor deficits, we first used a Box-Cox
power transformation to normalize all measurements. We stratified the maximum speed
measure on the visually guided movement test by age (under 30 years, and 30 years and
over), and the finger oscillation count measure by age and gender, as these factors were found
to be covariates (Johnson et al., In review). To account for gender differences in
grip strength (Dodds et al., 2014; Lawrence et al., 2015) and finger tapping speed
(Lezak et al., 2012; Mitrushina, et al., 2005), we separated grip strength and Halstead-Reitan
finger tapping into groups by gender. Once normalized, we calculated the intervals
containing 95% of the control subjects. We defined a deficit as any measurement outside
of this 95% interval in the direction expected for a deficit (e.g. above the upper interval
boundary for reaction time and below the lower interval boundary for finger
oscillations). These interval boundaries are hereafter referred to as cut-off scores.
3.2.4.2 Testing sensitivity. To test the hypothesis that the QMA, CMI, and SD tests
are more sensitive than traditional tests, we performed a random forest analysis, which is a
machine learning algorithm for classification, to determine the ability of these tests to classify
subjects with a TBI. More specifically, we used the RandomForest function in R with 1000
trees on the measurements for each of the three assessment groups (QMA, CMI-SD, and
traditional tests). To avoid bias caused by discarding cases (trees) with missing data, we first
used the missForest package in R to impute missing data resulting from the later addition
of tests and occasional loss of MMC tracking (Kincaid et al., In review). The imputed
data amounted to 2.4%, 17%, and 18% of the data for the QMA, CMI-SD, and traditional
tests, respectively. (Most of the imputed traditional measurements were for the online
reaction time test.) Further, as sex and age have been show to influence motor test
measurements (Dodds et

al.,

2014;

Johnson

et

al.,

In

review;

Lezak et al.,

2012; Mitrushina, 2005), we created an adjusted score for finger oscillation count,
maximum speed, Halstead-Reitan finger tapping test, reaction time, and grip strength. More
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specifically, we calculated the adjusted scores by first performing a multiple regression on
each measurement with age and sex as the covariate at a Bonferroni corrected significance
level of 0.008. We also tested for depression severity as a covariate.
3.3 Results
3.3.1 Identifying motor deficits. For each of the individuals in the TBI group
we determined the number of measurements that fell outside of the cut-off scores
from each of the three assessment groupings—QMA battery (Table A-2), CMI-SD tests
(Table A-3) and traditional tests (Table A-4). In the TBI group, 23% of all the
QMA measurements were identified as deficient, meaning 97 of the 414 reported
QMA measurements fell outside of the cut-off scores, with the bulk identified in
the mild TBI group (mTBI) (Table 3-3). Likewise, 9% of the CMI-SD measurements,
and 15% of the traditional measurements from the TBI group fell outside of the
cut-off

scores, split

(mod-sTBI)

groups.

equally
None

between
of

the

the

mTBI

CMI-SD

and

and

moderate-severe

traditional

TBI

measurements

from the multiple mild TBI group were outside of the cut-off scores.

Table 3-3 Breakdown of the Percent of Motor Deficits Found in Each TBI Sub-Group

Number of
TBI group
measurements
414

QMA

Number of
TBI group
measurements
outside the
norms
mild TBI
23%
58%

multiple moderate
mild
to severe
TBI
TBI
6%
36%

CMI-SD

265

9%

50%

0%

50%

Traditional

194

15%

50%

0%

50%

We created a general, qualitative picture of the motor deficits found in the TBI group
by highlighting each measurement that fell outside of the cut-off scores in each assessment
group (Figure 3-5). The QMA identified motor deficits in 88% of the mTBI group, 67% of
the multiple mild TBI group (mmTBI), and 100% of the mod-sTBI group, compared to 18%
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of the control group (Table 3-4). The CMI-SD tests and traditional tests identified motor
deficits in 40% and 53% of the mTBI group and 100% and 86% of the mod-sTBI group,
respectively, but none of the mmTBI group.

Figure 3-5: A qualitative picture of where motor deficits are identified in the TBI group.
Each column is a participant listed and sorted in the same order as in Table 3.1. Severity and
recency of head injury increase from left to right, i.e. those with an mTBI and older head injury are
toward the left and those with a more recent sTBI are on the right. Each row is a QMA, CMI-SD, or
Traditional assessment measure, listed in the same order as Table 2. Red highlights indicate deficits
identified in QMA measures, green highlights deficits identified by the CMI-SD measures, and
yellow highlights those identified by Traditional measures.
Abbreviations: F0–finger oscillations; VPer–variability of the period (of finger oscillations);
Vamp–variability of the amplitude (of finger oscillations); SRT–simple reaction time; Dys–
dysmetria; PR–path ratio; MxS– maximum speed; RspT–response time; F–force; Asym–
asymmetry (between the finger dexterity in each hand); HRFTT– Halstead-Reitan finger tapping
test; VMI–Beery Visuomotor Integration test
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Table 3-4: The percent of the of participants in each group identified as having a motor deficit.
mild TBI

multiple
mild TBI

moderate
to severe
TBI

Controls

Quantitative Motor Assessment
(QMA)

88%

67%

100%

18%

Cognitive-Motor Integration and
Strength Dexterity tests (CMI-SD)

40%

0%

100%

13%

Traditional Tests

53%

0%

86%

10%

3.3.2 Testing sensitivity. As mentioned above, we determined the sensitivity of the
tests based on their ability to classify subjects as having a TBI. The random-forest analysis
classified subjects more successfully using the QMA results than using the CMI-SD or
traditional test results (see Table 3-5 for confusion matrix). The out-of-bag error rate on the
adjusted measurements, which is the mean prediction error on a subset of training samples
not in the original 1000 trees, was 9% for the QMA measurements, 35% for the CMI and SD
measurements, and 20% for the traditional measurements.
Table 3-5 Confusion Matrix Resulting from Random Forest Analysis.
Predicted
QMA
CMI & SD
Traditional

Control
TBI
Control
TBI
Control
TBI

Control
98
8
22
13
93
18

TBI

3
23
9
18
8
13

Class Error
Rate
3%
26%
29%
42%
8%
58%

The random-forest analysis also provides information on which measures are most
important in classifying subjects. Specifically, the mean decrease in Gini is a measure of a
variable’s importance for partitioning data into the defined categories. According to the mean
decrease in Gini (Table 3-6), the most important measures in classifying subjects using QMA
data were left and right finger oscillation counts, the variation in amplitude in the left finger
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oscillation, and the average path length and amount of dysmetria in the left hand on the
visually guided movement test. Of the CMI-SD tests, the SD force measurement from the
right hand was most important, followed by the constant error and response time from the
right hand on the CMI test, and then the variable error from the right and left hands on the
CMI test. In the traditional test group, the left-hand reaction time and the number of finger
taps by each hand were identified as the most important.
Table 3-6 Mean Decrease in Gini for Random Forest Analysis on QMA.
Variables
Finger oscillation count -lft

Mean Decrease Gini
9.89

Finger oscillation count -rt

6.24

Path Ratio (during VGM) -lft

4.41

Variability in Amp (during FO) -

3.48

Dysmetria (during VGM) -lft

3.31

Path Ration (during VGM) -rt

2.76

Force-(during SD) rt

5.46

Constant Error (during CMI) -rt

3.36

Response Time (during CMI) -lft

2.60

Variable Error (during CMI) -rt

2.27

Variable Error (during CMI) -lft

2.17

Asymmetry (during SD)

2.13

QMA Simple Reaction Time-lft

15.30

Finger Tapping -lftl

11.48

Finger Tapping -ftr

7.93

Online Simple Reaction Time -frt

4.22

Grip -rt

3.22

Grip -lft

2.37

Abbreviations: FO–finger oscillation; VGM–visually guided movement; SD–
strength dexterity; CMI–cognitive-motor assessment
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3.4 Discussion
The purpose of this research was 1) to present the deficits detected by the QMA
battery, the CMI-SD tests, and the traditional movement assessments, and 2) to compare the
sensitivity of the QMA battery, the CMI-SD tests, and traditional movement assessments.
To determine the deficits, we compared test results from a TBI population to cut-off scores
established from a non-impaired population. To test for sensitivity, in the absence of a gold
standard, we determined the ability of each of the three test groups to classify someone as
having a TBI.
3.4.1 Discussion on motor deficits. Examination of the motor deficits yielded a
number of important findings. First, although we formally tested the sensitivity of each
battery as its ability to classify TBI subjects (discussed below), a simple comparison of
identified motor deficits also provided evidence of differences in sensitivity. Based on the
percentage of individuals identified as having a motor deficit (Table 3-3), the QMA battery
is more sensitive than the CMI-SD and traditional batteries. This conclusion is supported by
the classification analysis below. However, the QMA battery was less specific than the CMISD and traditional batteries; the specificity of the QMA, CMI-SD, and traditional batteries
was 82%, 87%, and 90%, respectively.
Second, only the QMA battery identified motor deficits in any of the 6 subjects with
multiple mild TBIs. Although the QMA only identified motor deficits in 4 of the 6 mmTBI
subjects, the CMI-SD and traditional tests did not identify motor deficits in any of them.
Third, although no single QMA battery was sensitive by itself (note gaps in rows of
Figure 3-5), taken together, the QMA battery was quite sensitive, identifying one or more
motor deficits in 25 of the 30 subjects. Furthermore, the subjects not identified well by the
QMA were not identified well by the other batteries either (note columns with few colored
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fields in Figure 3-5). Subjects who had no or only one motor deficit in the QMA had no or
only one motor deficit in the other batteries as well (subjects 7, 8, 11, 16, 20, 21, 23).
Fourth, different tests appear to measure different aspects of motor control, as a motor
deficit in one test did not predict a motor deficit in other tests. This was true for tests within
the same battery and for tests in different batteries, even among tests that were considered to
be analogous. For example, not all subjects who showed a deficit in the QMA finger
oscillation test showed a deficit in the Halstead-Reitan finger tapping test, and vice versa,
and similarly for the QMA and online reaction time tests. Despite a moderate correlation
between the results of the two finger oscillation/tapping tests (r(132) = 0.39, p < .0001 right
hand; and r(132) = 0.44, p <.0001 left hand) and a strong correlation between the results of
the two reaction- time tests (r(51) = 0.89, p <.001, right; and r (51) = 0.77, p <.0001, left),
there were differences in the tests. The finger oscillation test required participants to hold
their whole limb against gravity and oscillate their index finger in the air with visual
feedback, while the finger tapping test required participants to rest on a solid surface and tap
their finger against a mechanical lever with haptic feedback. Similarly, in the QMA reaction
time test, participants held their whole limb against gravity and reacted to a visual cue by
moving at the wrist and/or elbow joints, while in the online reaction time test, participants
rested their hand on table and pressed a key on a keyboard with their finger.
Fifth, the large variety in identified motor deficits among subjects supports the widely
accepted assertion that TBI sequelae are heterogeneous. There are no clear patterns in the
type or number of deficits based on gender, injury severity, age of the injury, or age of the
individual at the time of injury (Figure 3-5). For example, although the 31 year-old male with
the 7 month-old severe TBI does have more identified deficits, the 22 year-old male and the
19 year-old female with 8 month-old mild TBIs have similar finger oscillation deficits and
HRFTT deficits, and the 22 year-old male with a 12 month-old mTBI has just as many
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deficits, though different ones. The percentage of deficits identified by the CMI-SD and
traditional tests were equal in the mTBI and mod-sTBI groups, and the percentage identified
by the QMA was greater in the mTBI group than the mod-sTBI group. Those with multiple
mild head injuries did not have more deficits than those with a single mTBI. One interesting
observation perhaps worth additional consideration is that more deficits were identified in
the non-dominant hand. (All TBI subjects were right-handed.)
3.4.2 Discussion on sensitivity. Given that there is no definitive gold standard to
which to compare the results of the batteries, we used the ability of the batteries to classify
subjects into a TBI group or a control group as a measure of sensitivity. Based on the out-ofbag error, the QMA battery was better at classifying those with and without a TBI. With an
out-of-bag error rate of 35.48%, the CMI and SD battery appears to be the least sensitive. In
a study involving a cognitive-motor-integration task, similar to our CMI test with a
visuomotor reflection, a discriminant analysis indicated that their CMI assessment tool
discriminated between concussion and non-concussion groups with 94% accuracy (Brown
et al., 2015). However, that study included more measures in their CMI analysis than ours.
And in the SD task, we found a significant difference in maximal force produced by the right
hand between the TBI and control groups. Additionally, in a study involving a similar SD
task (Lawrence, Fassola, Werner, Leclercq, & Valero-Cuevas, 2014), temporal variability of
forces during spring compression showed different dynamics in the populations with
Parkinson’s Disease and osteoarthritis compared to the controls. This is to say that though
our results showed a relatively poor out-of-bag error rate on a classifier test, the CMI and SD
assessments still provide valuable information about movement deficits.
A noteworthy observation is that the large quantity of QMA measures, including the
five identified by the mean decrease in Gini as the most important for classifying (Table 3-6),
come primarily from only two of the three QMA tests, finger oscillation and visually guided
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movement. If part of the goal is to have a comprehensive set of outcome measures without
lengthy clinical exams, then the QMA finger-oscillation and visual-motor integration tests
has potential in that regard.
3.4.3 Limitations. Our study included some limitations in subject recruitment, test
administration, and comparison of test results.
The QMA may have had more tests and/or measures than the other two batteries,
likely giving it an edge in identifying motor deficits. That said, our comparisons were based
on percentages. Additionally, the QMA, being quantitative, lends itself to producing more
measures than the traditional tests.
Many of the subjects in the TBI group were athletes, who generally have higher-thanaverage motor abilities. What may have felt like a deficit to them, e.g. slower reaction, was
not always reflected when compared to the normative data. Additionally, the control groups
for all tests were recruited from a college community where the majority have more than 12
years of education, whereas several subjects in the TBI group came from the general
community. Some motor test results, such as reaction time, are known to be associated with
the participant’s level of education (Lezak et al., 2012). Therefore, some of the normative
data may not be representative of the general population.
Limitations in the QMA tests were described in detail previously (Johnson et al., In
review; Kincaid et al., In review). In particular, the limited frequency response
bandwidth of the sensor used to measure finger oscillations (LMC) produces distortion
in the visual feedback on the GUI. More specifically, the limited bandwidth causes the
movements of the cursor (representing the subject’s finger) to be smaller in amplitude
and delayed in time compared to the subject’s actual movements. Also, in the visually
guided movement test, fatigue (due to the requirement that subjects hold their arm against
gravity) and occasional target obstruction by the arm may have had effects on the results.
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Lacking a gold standard for the novel QMA and CMI-SD tests, we employed a
classification based on the ground truth of presence or absence of a TBI. Comparing
individual tests to their own gold standard, if they existed, would have yielded more
definitive results. Similarly, differences between tests made it difficult to make direct
comparisons, even between tests thought to be analogs (see discussion above).
3.5 Conclusion
Our ultimate goal is to contribute to the development of a comprehensive measure
that is capable of diagnosing motor deficits and measuring treatment effectiveness of motor
rehabilitation specific to the TBI population. Creating the QMA using novel motion
capture technology was the first step toward that contribution (Johnson et al., In review;
Kincaid et al., In review). The current study, in which we determined the ability of the QMA
to detect motor deficits and test its sensitivity relative to other batteries, was the next step.
The results of this study confirmed our hypothesis that the MMC-based QMA is more
sensitive than traditional clinical tests. However, they also revealed that there are
other deficits not measured by the QMA. The findings in this and previous QMA-related
studies suggest that a quantitative motor assessment with markerless-motion capture has
great potential to fill a gap in TBI care.
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CHAPTER 4 Linking Motor Deficits to TBI
4.1 Introduction
Traumatic brain injury (TBI) is a leading cause of disability in the United States
(Coronado et al., 2011). Regardless of TBI severity, movement impairments can linger long
after the initial injury (Haaland et al., 1994; Heitger et al., 2006; Kozlowski et al., 2013;
Krauss & Jankovic, 2013). More alarming is the research that indicates that among those
who had seen improvements in rehabilitation, nearly 40% regress below rehabilitative gains
(Corrigan et al., 2014). This creates tremendous emotional and financial stress on the lives
of an estimated 3.2 million TBI survivors living with disabilities (Corrigan, Selassie, &
Orman, 2010), as well as on the lives of their families and caretakers.
One limitation of the current treatment process is that patient-specific rehabilitation
programs are not driven by what is found in neuroimaging. Most often neuroimaging is used
to determine the extent and location of the obvious pathologies, but not for prognostic
decision-making (Bigler, 2000). There is a disconnect between clinical measures of
impairment and the underlying brain injuries seen in neuroimaging, in that the rehabilitation
prescription is generally informed only by the clinical measures, and not by (or only weakly
by) neuroimagining.
However, recent studies have started to link motor impairments with loss of gray
matter volume (Gooijers et al., 2016), cerebral white matter integrity (Caeyenberghs et al.,
2011), white matter connectivity (Caeyenberghs et al., 2012; Caeyenberghs, Leemans,
Leunissen, Michiels, & Swinnen, 2013; Kasahara et al., 2010), and cerebellar white matter
(Drijkoningen et al., 2015). Neural activity seen in functional MRI has been used to inform
cognitive treatment therapies (Allen & Fong, 2008a, 2008b; Allen, Owens, Fong, &
Richards, 2011). Given the complexities of neural networks involved in movement and the
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variety and subtlety of TBI-induced motor deficits, this line of research needs more attention
to expand our understanding of the relationships between motor impairment and brain injury.
The purpose of this research was to link TBI-related motor impairments to the injuries
that caused them. To accomplish this we combined quantitative motor assessments with
advanced MRI techniques. Using these quantitative motor assessments, we obtained
objective and accurate measures of finger oscillation, reaction time, visually guided
movement, cognitive-motor integration, and strength-dexterity. The MRI analyses yielded
volume changes in motor-related gray matter structures (Gooijers et al., 2016; Grossman &
Inglese, 2016; Munivenkatappa & Agrawal, 2016) and the reduced fractional anisotropy
(FA) in white matter integrity that typically occur with TBI (de la Plata et al., 2007; Ding et
al., 2008; Johnson et al., 2013; Meythaler, Peduzzi, Eleftheriou, & Novack, 2001; Wu et al.,
2010). We sought to determine what specific types of tissue damage are associated with each
movement impairment identified by the motor assessments.
4.2 Methods
4.2.1 Subjects. Thirty individuals diagnosed with TBI (Table 3-1), aged 18-50 years
old, participated in this study. They were recruited from Utah County area sports teams and
concussion centers, brain injury support groups, and the University of Utah Hospital via
fliers. Candidates were included if their head injury was less than 5 years old, they had no
history of movement impairment prior to their injury, were not taking medications that
affected movement, and had sufficient cognitive ability to understand the consent process
and follow the instructions to complete the tests. The TBI severity was determined by selfreported duration of altered memory state, loss of consciousness, and post-traumatic amnesia
(Amyot et al., 2015).
In a previous study we developed a quantitative motor assessment (QMA) and created
a database of QMA norms with 132 healthy individuals (Johnson et al., In review). All of
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the TBI participants completed QMA tests (described below), and their results were
compared to the established norms. For this study, we included two additional tests, a
cognitive-motor integration (CMI) test and a strength-dexterity (SD) test, which 20 TBI
participants completed. Thirty gender- and age-matched healthy individuals with no history
of head injury or movement disorders completed the CMI and SD tests and contributed MRI
scans.
All participants underwent MRI scanning at the Brigham Young University MRI
Research Facility, and all but two participants completed the motor testing at Brigham
Young, the remaining two subjects completed their testing at the University of Utah. All tests
were administered by the same individual (PJ). This study was approved by the Institutional
Review Boards at both Brigham Young University and Univeristy of Utah.
4.2.1 Experiment protocol. To obtain quantitative measures of movement
impairment, we chose to run the quantitative motor assessment (QMA) (Kincaid et al., In
review), the cognitive-motor integration test, and the strength-dexterity (SD) pinch test
(Venkadesan, Guckenheimer, & Valero-Cuevas, 2007). The tests are summarized in Table
4-1, and details of each test were described in 2.2 Methods.
Table 4-1 Study Measures for Motor Deficit Scores

Reaction
time

Finger Oscillation

Test

Measures

Abbrev

Definition

Finger Oscillation
(count)*

FO

Avg. number of times cursor crossed the
15mm gap in 10 seconds

Variability in Period **

VPer

Standard deviation of the period of the
oscillations

Variability in Amplitude

VAmp

Standard deviation of the amplitude of the
oscillations

Simple reaction time (s)

SRT

Time between the onset of a visual cue and
when the center of the hand left a 25cm circle
that was centered on the palm of the hand
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Measures

Abbrev

Definition

Dysmetria (% of direct
path length)**

Dys

Distance between the center of the cursor at
the end of the movement and the edge of the
target, normalized by the distance between the
cursor at the onset of the movement and the
edge of the target

Path Ratio**

PR

Ratio of the path length to the direct distance
between the onset position and the position at
the end of movement

Maximal Speed (mm/s)

MxSVG
M

Maximum speed of finger between onset and
end of movement.

Constant Error (mm)*

CErr

Mean distance between the movement
endpoints and the target center

Variable Error (mm)**

VErr

Mean distance between the endpoints of the
individual movements and the mean
movement endpoint

Path Length (mm)

PL

Distance travelled between the onset and end
of movement

Maximal Speed (mm/s)

MxSCM
I

Maximum speed of finger between onset and
end of movement

Response Time (s)*

RspT

Time between appearance of cue and the
arrival of the finger at the target

Force (N)*

F

The average force of the compressed spring
over 5 trials

Asymmetry between
hands (% difference)

Asym

Percent difference in dexterity between
hands

* Both sides used in analysis. **Right side used in analysis. ***Left side used in analyses.

2.4.2 MRI acquisitions. The MRI data were acquired using a 3T Siemens TIM-Trio
(Siemens Medical Inc., Erlangen, Germany). Scans included a 3D T1-weighted structural
image and diffusion tensor imaging (DTI). The T1-weighted scan parameters were: 176-slice
3D MPRAGE (Magnetization Prepared Rapid Gradient Echo) volume, with TR (Repetition
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Time) = 1900 ms, TE (Echo Time) = 2.26 ms, flip angle = 9°, Field of View (FOV) = 250
mm, 256 × 215 matrix size, and 1 mm slice thickness. The DTI scan parameters were: 30
gradient directions, b-Values = 1000, TR = 6600 ms, TE = 90 ms, flip angle = 0°, FOV =
230 mm, 128 × 128 matrix size.
2.4.3 MRI analyses. All preprocessing and analyses were completed on the BYU
MaryLou Fulton Supercomputer, a Linux system containing over 21,000 CPU cores across
972 compute nodes, with CPU types ranging from 6-14 core Intel (2.2-2.6 GHz), and
memory per node ranging from 64-512 GB. Structural analyses were conducted with the
software packages dcm2nii (Li, Morgan, Ashburner, Smith, & Rorden, 2016), Advanced
Normalization Tools (ANTs) (Avants, Tustison, & Song, 2009), and Convert3D Medical
Image Processing Tool (c3d) (Yushkevich et al., 2006). Diffusion analyses were conducted
via Automated Fiber Quantification (AFQ) (Yeatman, Dougherty, Myall, Wandell, &
Feldman, 2012).
4.2.3.1 Pre-processing, segmenting, and determining brain volumes. As this
experiment consisted of both healthy control and patient populations, a study-specific
structural MRI template was constructed for the purposes of image normalization and
segmentation. Following a pipeline similar to that described in Muncy et al. (Muncy, HedgesMuncy, & Kirwan, 2017), the T1-weighted structural DICOM files of each participant were
converted to 3D NIfTI files and then warped into MNI ICBM 152 (Fonov et al., 2011;
Fonov, Evans, McKinstry, Almli, & Collins, 2009) space via a symmetric, non-linear
diffeomorphic transformation. These normalized structural files were then used to construct
a standardized template in MNI space, in which both patient and control data were
represented (Avants et al., 2010). This template was then skull-stripped referencing a
template and mask contained in the OASIS-30 dataset (Klein & Tourville, 2012), with labels,
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derived from posterior probabilities, which were then converted into template priors to help
construct segmented volumes. Similarly, a full set of cortical and subcortical segmentation
priors were constructed using Joint Label Fusion (Wang et al., 2012), referencing the set of
atlases and segmentations hosted by MindBoggle (Klein et al., 2017).
In order to conduct volumetric analyses, the T1-weighted structural file of each
participant was rotated into template space using a rigid-body transformation, referencing
the study-specific template. Rotated scans were then corrected for local field
inhomogeneities (Tustison et al., 2010), and then the calculations to warp the structural data
into study-specific template space were conducted using a symmetric, non-linear
diffeomorphic transformation. A set of template priors was selected, which consisted of 12
regions of interest (ROIs). These ROIs priors were then warped into rotated participant space
via composition of the warp vectors using a nearest-neighbors interpolation. The resulting
probabilistic ROI masks were then thresholded (>0.5), binarized, and finally used to calculate
ROI volumes. Total brain volumes were calculated via a skull-stripped posterior mask that
included both cerebrum and cerebellum.
ROI volumes were extracted from the segments using Convert3D Medical Image
Processing Tool (version 1.0). Additionally, total brain volume (TBV) was extracted from a
skull-stripped pre-processed version of each participant’s T1-weighted image. For our
analyses, we included a subset of ROIs—the basal ganglia—chosen for their relationship to
movement, and also the superior- and inferior lateral ventricles (Table 4-2).
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Table 4-2 Brain Regions Used in Brain Injury Scores.
Gray Matter Regions

Ventricles

White Matter Tracts

thalamus*

superior lateral ventricle*

corticospinal tracts**

putamen

inferior lateral ventricle

thalamocortical radiations**

globus pallidus

motor segment of the corpus callosum*

caudate nucleus**
* Both sides (where applicable) used in analysis. **Right side used in analysis. ***Left side
used in analyses.

4.2.3.2 DTI pre-processing and tractography Automated global deterministic
tractography was performed according to standard protocols (Yeatman et al., 2012). First,
diffusion-weighted images were preprocessed using the dtiInit preprocessing pipeline
wrapper from Stanford open-source VISTASOFT package (version 1.0) running on
MATLAB version 8.6.0 (R2017b) (Math-Works Inc., Natick, MA). The diffusion-weighted
images were corrected for eddy currents and head motion, skull-stripped, and tensor fitted.
Then white matter pathways were automatically identified using an open-source, freely
available software package, Automated Fiber Quantification (AFQ) (version 1.2;
https://github.com/yeatmanlab/AFQ). AFQ identifies the core of major fiber tracts and
segments of the corpus callosum. The segmentation pipeline results in a set of tract profiles
with tissue properties, including of fractional anisotropy of 100 positions sampled from the
start to the end of the tract core. Of the resulting available tracts, we included those most
closely related to motor control: the bilateral corticospinal tracts, bilateral thalamocortical
radiations, and the motor segment of the corpus callosum (Figure 4-1). Scripts used in
processing MRI data are available at https://github.com/nmuncy/TBI.
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Figure 4-1 Core White Matter Fibers in Motor Segment of Corpus Callosum.
Fiber tract from participant with severe TBI.

4.2.4 Statistical analysis. All statistical tests were performed in R (version 3.5.3) with
the ultimate goal of determining the relationship between motor test results and underlying
damage measured in the MRI scan. To accomplish this, we performed a step-wise regression.
However, prior to this analysis, a number of steps were taken to yield the appropriate inputs.
4.2.4.1 Deficit and Brain Injury Scores. For each participant in the TBI group, we
created a movement deficit score for each motor test and a brain injury score for each ROI.
We defined the movement deficit score as the normalized difference between the
participant’s measurement on each motor assessment and the corresponding measurement’s
interquartile range (IQR) from healthy control group as follows:

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 % 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 % 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑇𝑇𝑇𝑇 − 75% 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
75% 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇 − 25% 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
25% 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

If the TBI patient’s measurement was within the controls’ IQR, the participant’s score
was defined to be zero. A positive deficit represented a worse score regardless of the direction
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that initially represented a worse score. We created a set brain injury scores for each
participant in the same manner, using ROI volumes and FA values in each WM tract where
there were group differences.
4.2.4.2 Regression on ROI volumes. To avoid overfitting, we performed the
regression using only the brain injury scores in which patients were significantly different
from controls, and deficit scores from a subset of the motor tests. To determine group
differences in ROI volumes, we performed a repeated measures ANOVA. To control for
gender, age and head size, we ran analyses on the ratio of ROI volume by total brain volume
and found an interaction between group and ROI. Post-hoc paired t-tests, with a Bonferroni
correction of .01, showed the specific ROIs that differed between the groups and that would
be used for the regression (noted with asterisks in Table 4-3). The deficit scores used in the
regression were from those motor tests that were determined to be the most important
in classifying TBI patients from health controls. That determination was made in the
previous study using the mean decrease in Gini values resulting from a random forest
analysis (Table 3-6).
Finally, we performed a stepwise regression with the subset of movement deficit
scores as the independent variables and a Bonferroni correction of p = .01. We checked all
regression assumptions in the final stepwise model, removed all significant influential
observations, and then re-ran the model. Then, if there was a variance inflation factor (VIF)
larger than 10, we removed that variable and re-ran the model again.
4.2.4.3 Regression on WM tracts. To determine group differences in the FA values,
we used the smoothing spline method to fit a nonlinear, penalized regression separately on
the groups. The smooth spline method allowed for a transformation of the dependent variable
space without the need for a selection of knots. Once the dependent space was transformed,
we performed a regression with a penalized regularization. To find the nodes of separation
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on the DTI tracts for the two groups, we then bootstrapped a 97.5% confidence interval (a
Bonferroni correction for the models’ fit) for the two modeled smooth splines on all tracts
(Figure 4-2).

Figure 4-2 Fractional Anisotropy Differences Between Groups.

We chose to use a smoothing spline for several reasons. First, because of the large
amount of data available in our DTI analysis (5 tracts with 100 nodes each), performing
simpler methods like an ANOVA would have required far more multiple comparisons to
achieve the same results. Second, using an ANOVA ignores the inherent data available in
the nodes. The positions of the nodes are a continuous covariate; they provide spatial
information to help inform the FA values. However, due to the nonlinearity of the data, the
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assumptions for a linear regression were violated. A spline method is flexible enough to
handle the nonlinearity of the FA values.
We ran a stepwise regression with the brain injury scores from DTI tracts that differed
between the groups and the deficit scores from the selected set of motor tests. As in the
regression on the ROIs, we checked all assumptions, removed variables with a VIF larger
than 10, and re-ran the model.
4.3 Results
4.3.1 Group differences in ROI volumes and DTI tracts. There was a significant
difference between groups in the ROI volumes (F(1,60) = 8.24, p = .006) and a significant
interaction between group and ROI (F(5, 200) = 9.42, p < .0001). Post-hoc paired t-tests
showed significant differences between groups in the volumes of five ROI: right and left
thalami, right and left superior lateral ventricles (SLV), and right caudate nucleus.
We also found significant differences between groups in FA in three ROI: right
corticospinal tract, right thalamocortical radiations, and motor segment of the corpus
callosum.
4.3.2 Movement deficit and injury scores. The number of TBI subjects with a positive
movement deficit or injury score are shown in Table 4-3. As TBI damage and resulting
sequelae are heterogeneous, those with a positive score in one measure are not necessary the
same as those in another measure. However, all of the participants in the TBI group had
positive brain injury scores in the right corticospinal and right thalamocortical tracts, as well
as the motor segment of the corpus callosum.
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Table 4-3 Number of TBI subjects with a Positive Motor Deficit or Brain Injury Score

Motor Measure

# (%) of TBI
subjects with a
deficit

Dysmetria -l

17 (57%)

Path ratio -l

19 (63%)

Finger oscillation count -r

24 (80%)

Finger oscillation count -l

24 (80%)

Variability of period -l

24 (80%)

Constant error -r

11 (37%)

Variable error -r

9 (30%)

Variable error -l

7 (23%)

Response time -r

6 (20%)

Force -r

10 (33%)

Brain ROI and White
Matter tract

# (%) of TBI
subjects with an
injury

Thalamus -l

4 (13%)

Caudate -r

17 (57%)

Superior lateral ventricle -r

20 (67%)

Superior lateral ventricle -l

18 (60%)

Corticospinal tract -r

30 (100%)

Thalamocortical tract -r

30 (100%)

Corpus callosum motor
segment

30 (100%)

4.3.3 Movement deficits scores and injury scores in ROI volumes and WM tracts. The
stepwise regression results are summarized in Table 4-4. Results show two significant
relationships between motor deficit scores and brain injury scores in ROI volumes. A 134%
and 92% increases in the variable error (VErr) score, a measure of precision in the cognitive-
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motor integration test, with the left (non-dominant) hand is associated with 1% increase in
the injury score in the right and left SLV, respectively.
Table 4-4 Statistical Outcome of Stepwise Regression.
With each reported estimated change in the deficit score there is a one percent increase in the brain
injury score.
Est %

P value

Superior lateral ventricle -r
F(3,23) = 15.3 ; p < .00001; Adj R2= 0.6226
Variable error-l

133%

<0.0001

Superior lateral ventricle -l
F(4, 22) = 9.37; p = .00001; Adj R2= 0.563
Variable error-l

92.2

<0.0001

Corticospinal tract -r
F(107, 2893) = 4.39; p < .00001; Adj R2=0.011
Dysmetria -l

0.79

<0.0001

Constant error -r

-2.28

<0.0001

Variable error -l

2.48

<0.0001

Thalamocortical tract -r
F(106, 2894) = 6.26; p = .00001; Adj R2=0.1568
Variability of period -l

2.34

<0.0001

Variable error -r

-1.55

0.00145

Variable error -l

-3.27

<0.0001

Motor Segment of Corpus Callosum
F(108, 2892) = 6.59; p < .00001; Adj R2=0.1677
Dysmetria -l

1.69

<0.0001

Path ratio l

-30.6

<0.0001

Finger oscillation -l

12.3

<0.0001

Variability of period -l

3.82

<0.0001

Constant error -r

-1.9

<0.0001

Variable error -l

-2.3

<0.0001

Force -r

11.4

<0.0001
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There were significant associations between the motor deficits, especially in the VErr
measures from the cognitive-motor integration test, and injuries in the right corticospinal,
right thalamocortical, and the motor segment of the corpus callosum. The motor deficits
associated with the corticospinal tract were only those that involve accuracy and precision in
pointing. The regularity of finger oscillations was associated with damage in the
thalamocortical tract. Seven of the ten motor deficit measures used in the regression were
linked to injury in the corpus callosum, the tract in which there appears to be a great amount
of injury (bottom graph in Figure 4-2).
4.4 Discussion
The purpose of this study was to link deficits measured in quantitative motor
assessments and changes in gray matter regions and white matter tracts associated with
movement. We performed regressions and found relationships between movement deficits
scores from quantitative motor assessments and brain injury scores.
4.4.1 Movement deficits scores and injury scores in ROI volumes. The results
indicate an increase in SLV volume with a large increase in the VErr injury scores for the
left and right hands. It is not unreasonable to accept an increase in ventricle size with any
TBI, as it is generally understood that ventricles expand to replace the necrotic cells from
damaged brain tissue. However, it is surprising that the increase in SLV volume was
associated with only one motor deficit. Additionally, since VErr is an indicator of precision,
it might seem more reasonable that VErr would be associated with changes in the basal
ganglia or cerebellum; however, this particular VErr measurement was taken during a
cognitive-motor integration task requiring communication between brain regions responsible
for planning and execution, in particular the parieto-frontal networks (Brown et al., 2015),
which are physically close to the SVL. Thus, if the increase in SVL is considered as an
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indirect measure of damage in the parieto-frontal areas, its association with VErr is
reasonable.
4.4.2 Movement deficits scores and injury scores in WM tracts. We included a
measure of white matter integrity in this study because white matter tracts tend
to be particularly susceptible to damage in TBI (Ding et al., 2008; Johnson et al., 2013;
J. Kim et al., 2008; Meythaler et al., 2001), and are important for transmitting signals
between cortical regions and ultimately to the muscles. The results show a relationship
between increased

injury in the corticospinal tract and increased measures of

dysmetria on the contralateral side. There is also a negative relationship on the ipsilateral
side. Given that the motor signals along the corticospinal tract decussate in the
medulla, the lateralization of these results is reasonable.
As the corticospinal tract is the primary descending pathway to the motor neurons of
the muscles, we might expect to see an increase in all motor deficit scores with an injury in
this tract. Our results show only an association with measures of coordination (dysmetria,
constant error, and variable error). When we examine part of the tract where we detect
difference between the TBI and control groups—between 10 and 30 on the x-axis of the top
graph in Figure 4-2—it is not unreasonable to consider the possibility that we are measuring
damage to adjacent tracts, or those associated with sensorimotor integration. This particular
segment corresponds to the area of the tract that passes through the brainstem (Yeatman et
al., 2012). The lower FA values (relative to the segment between 30 and 50) are due to partial
voluming, which can occur when more than one tract, especially ones with different
directional properties, occupy the same region.
The thalamocortical radiations project from the thalamus to the cortex, including the
sensorimotor area. Its function includes relaying information from the basal ganglia and
cerebellum, regions associated with rhythm and coordination, via the thalamus to the
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premotor and motor cortex (Kandel, Schwartz, & Thomas, 2000). These connections may be
involved in the association we see between increased irregularity and in finger tapping
(variability of period) and increased brain injury in this tract. They may also be at play in the
increased systematic bias (VErr) in either hand when pointing to a target, though this is not
evident in the constant error or dysmetria scores.
The motor segment of the corpus callosum, like the other segments, has fiber tracts
that connect the hemispheres. The corpus callosum is particularly vulnerable to injury during
TBI (Johnson et al., 2013; Wu et al., 2010). This is evident in our results (bottom graph in
Figure 4-2). Yet in a study where 74% of TBI participants had injuries in the anterior
two-thirds of the corpus callosum, none presented with observable difficulties in movement
(Kim, Choi, Yang, Cho, & Kang, 2015). The association between injuries to the corpus
callosum and motor deficits presented in this paper may be thanks to the superior
resolution of the quantitative motor assessment, which was developed to detect
subtle movement impairments. In some cases, we found brain injury to be associated
with decreases in motor deficits. This may reflect lower inhibition. In a study of
people with corpus callosum agenesis, the authors attributed better performance on
some tests to lowered inhibition because of the absence of certain fibers (Thut et al.,
1997).
4.4.3 Limitations. In this study, we focused on certain ROIs and WM tracts due
to methodological limitations. Injury to other ROIs and WM tracts, in particular the
tracts of the cerebellum and cerebellar peduncles, may be associated with motor deficits as
well.
Some subjects in the TBI group were athletes, who generally have higher-thanaverage motor ability in some aspects. What feels like a deficit to them (e.g. slower
reaction) was not always borne out in comparisons to the normative data.
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4.5 Conclusion
These findings provide additional links between TBI-induced motor deficits and their
underlying pathologies seen in neuroimaging. We submit these results as another step
towards providing insights for patient-specific rehabilitation prescriptions.
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APPENDIX

Table A-1 Summary of descriptive data from Quantitative Motor Assessment (QMA).

Rxn Time

Visually Guided Movement

Tremor

Finger Oscillation

Test
Name

Test Measure
(units)
FO count -r
M; ≥30 yo

N

Q3

Mean

SD

25

Mean Age Media Q1
±SD years n
38 ±7
44.6
36.2

51.6

43.3

9.4

Upper Lower
95%
95%
47.1
39.4

FO count- l
M; ≥30 yo

25

38 ±7

40.2

33.3

44.0

39.2

8.3

42.6

35.8

FO count -r
M; <30 yo

27

24 ±2

57.6

55.0

59.4

56.8

5.1

58.8

54.8

FO count -r
M; <30 yo

27

24 ±2

51.6

49.0

55.0

51.5

5.0

53.5

49.5

FO count- r
F; ≥30 yo

26

42 ±6

38.3

30.7

44.1

37.4

8.8

41.0

33.9

FO count -r
F; ≥30 yo

23

42 ±6

35.8

29.2

38.3

33.9

6.0

36.3

31.5

FO count -r
F; <30 yo

23

22 ±3

54.0

50.8

56.4

52.6

6.2

55.3

50.0

FO count-l
F; <30 yo

23

22 ±3

45.4

42.2

51.8

45.8

7.6

9.0

42.5

VPer -r (ms)

99

31 ±10

16.2

12.7

19.5

17.6*

10*

19.2*

16.2*

VPer- l (ms)

98

31 ±10

24.0

17.8

26.2

24.3*

10*

24.3*

22.5*

VAmp -r (mm)

99

32 ±10

4.5

3.5

5.5

4.5

1.5

5.0

4.5

VAmp -l (mm)

99

32 ±10

5.0

4.0

6.5

5.5

1.5

6.0

5.0

Area -r (mm2)

100

32 ±10

0.4

0.2

0.7

0.5

0.4

0.6

0.4

Area -l (mm2)

98

31 ±10

0.5

0.3

0.8

0.6

0.4

0.6

0.5

Dys -r
% of path length

100

31 ±10

1.1

0.7

1.5

1.1*

1.6*

1.2*

1.0*

Dys -l
% of path length

99

32 ±10

1.3

1.0

1.9

1.3*

1.6*

1.4*

1.2*

PRVGM - r

100

32 ±10

1.05

1.04

1.08

1.07

0.06

1.09

1.06

PRVGM - l

98

31 ±10

1.07

1.05

1.09

1.08

0.05

1.09

1.07

MxSVGM -r
≥30 yo (mm/s)

51

40 ±6

570

444

648

585

151

628

543

MxSVGM -l
≥30 yo (mm/s)

51

40 ±6

517

448

591

558

152

601

516

MxSVGM -r
<30 yo (mm/s)

47

23 ±3

685

614

834

728

134

768

689

MxSVGM -l
<30 yo (mm/s)

47

23 ±3

673

565

778

679

140

720

638

SRTQMA -r (s)

100

31 ±10

.325

.299

.324

.323

.032

.330

.317

SRTQMA -l (s)

100

31 ±10

.349

.300

.348

.326

.035

.333

.319
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Cognitive-motor integration (CMI)

BalanceQMA

Test
Name

Test Measure
(units)
Sway (mm/s)
THO

N

Q3

Mean

SD

98

Mean Age Media Q1
±SD years n
31 ±10
20.6
18.5

25.2

21.8*

1.4*

Upper Lower
95%
95%
23.2* 20.5*

Sway (mm/s)
THC

98

31 ±10

26.9

23.6

33.0

28,3*

1.4*

30.1*

26.6*

Sway (mm/s)
TSO

98

31 ±10

26.7

23.6

37.8

30.7*

1.6*

33.6*

20.3*

Sway (mm/s)
TSC

98

31 ±10

47.9

40.9

60.2

50 .4*

1.4*

53.7*

47.3*

Sway (mm/s)
NHO

98

31 ±10

22.6

19.5

26.9

23.1*

1.4*

24.7*

21.7*

CE- r (mm)

31

25 ±7

3.1

1.8

4.6

3.4

2.1

4.2

2.6

CE -l (mm)

29

24 ±6

4.2

2.4

5.6

4.3

2.6

5.3

3.4

VE -r (mm)

30

25 ±7

4.8

3.4

5.9

4.8

1.7

5.5

4.2

VE -l (mm)

29

24 ±6

4.8

4.0

6.8

5.4

2.1

6.2

4.6

PLCMI- r (mm)

31

25 ±7

126

121

131

129

11

133

125

PLCMI -l (mm)

30

25 ±7

134

125

149

138

17

145

132

PRCMI -r

30

25 ±7

1.29

1.24

1.35

1.34

0.18

1.41

1.27

PRCMI -l

29

25 ±7

1.38

1.28

1.5

1.4

0.18

1.49

1.35

MxSCMI -r
(mm/s)

31

25 ±7

229

188

267

234

60

256

211

MxSCMI -l
(mm/s)

31

25 ±7

226

197

270

237

64

260

214

List of abbreviations FO: Finger Oscillation; Per-Var; Period Variance Amplitude Variance (Amp-Var);
Postural Tremor (PT); Visually Guided Movement (VGM); Dysmetria (Dys); Path Ratio (PR); Maximum
Speed (MxS); Simple Reaction Time (SRT); Feet together (T); Tandem Stance (N); Hard surface (H); Soft
surface (S); Eyes open (O); Eyes closed (C); Constant error (CE); Variable error (VE); Path length (PL)
*indicates back transformed values
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Table A-2 Cut-Off scores for Quantitative Motor Assessment (QMA) tests.
Measurement

Cut off score

Controls
N≈101

Mild
N≈17

Multiple Mild
N≈6

FO.count -r
(lower limit)

F ≥ 30 yrs: 14.3
F; < 30 yrs: 36.1
M; ≥30 yrs: 17.8
M; < 30 yrs: 43.6

0%

35%

60%

ModerateSevere
N≈7
71%

FO.count -l
(lower limit)

F ≥ 30 yrs: 18.3
F; < 30 yrs: 25.5
M; ≥30 yrs: 17.3
M; < 30 yrs: 38.5

1%

41%

67%

71%

VPerFO – r
(upper limit)
VPerFO – l
(upper limit)
VAmpFO –r
(upper limit)

0.05

4%

29%

0%

33%

0.06

1%

35%

0%

80%

7.77

2%

12%

17%

17%

VAmpFO – l
(upper limit)
SRTQMA –r
(upper limit)
SRTQMA –l
(upper limit)
DysVGM–r
(upper limit)
DysVGM –l
(upper limit)
PRVGM –r
(upper limit)
PRVGM –l
(upper limit)
MxSVGM –r
(lower limit)
MxSVGM –l
(lower limit)

8.99

3%

24%

0%

50%

0.39 s

4%

6%

0%

57%

0.40 s

2%

12%

0%

50%

2.98%

2%

6%

16%

42%

2.94%

2%

29%

16%

29%

1.23

5%

29%

0%

0%

1.21

3%

53%

33%

29%

<30 yrs: 459 ms
≥30 yrs: 261 ms

0%

12%

0%

28%

< 30 yrs; 397 ms
≥30 yrs; 356 ms

0%

6%

0%

14%

FO–finger oscillation; VPerFO–variability in period during finger oscillation; VAmpFO–
variability in amplitude during finger oscillation; SRTQMA–QMA simple reaction time;
DysVGM–dysmetria during visually guided movement; PRVGM–path ratio during visually
guided movement; MxSVGM–maximum speed during visually guided movement
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Table A-3 Cut-Off Scores for Cognitive-Motor Integration (CMI) and Strength Dexterity (SD)
Tests.
Measurement

Cut off scores

Controls
N≈30

Mild
N≈10
40%

Multiple
Mild
N≈5
0%

ModerateSevere
N≈5
0%

CErrCMI –r
(upper limit)

8.42 mm

3%

CErrCMI –l
(upper limit)
VErrCMI –r
(upper limit)
VErrCMI –l
(upper limit)
PLCMI –r
(upper limit)
PLCMI –l
(upper limit)

11.2 mm

0%

0%

0%

40%

8.81 mm

0%

30%

0%

20%

11.67 mm

1%

0%

0%

40%

160.2 mm

0%

20%

0%

0%

183.84 mm

3%

0%

0%

0%

MxSCMI -r
(lower limit)
MxSCMI –l
(lower limit)
RspTCMI -r
(upper limit)
RspTCMI -l
(upper limit)
FSD -r
(lower limit)
FSD -l
(lower limit)
AsymSD
(upper limit)

127.23 mm/s

3%

0%

0%

0%

137.16 mm/s

0%

0%

0%

0%

3.77 s

3%

9%

0%

0%

3.76 s

0%

0%

0%

40%

1.06 N

3%

33%

0%

20%

0.92 N

7%

0%

0%

40%

64%

3%

0%

0%

40%

Abbreviations: CErrCMI–constant error during cognitive-motor integration test;
VErrCMI–variable error during cognitive-motor integration test; PL–path length
during cognitive-motor integration; MxSCMI–maximum speed during cognitive-motor
integration; RspTCMI–response time during cognitive-motor integration; FSD–Force
during strength dexterity test; AsymSD–asymmetry between hand in strength
dexterity.
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Table A-4 Cut-off Scores for Traditional Measurements

Measurement
HRFTTr–r
(lower limit)
HRFTT -l
(lower limit)
SRTKey -rt
(upper limit)
SRTKey -l
(upper limit)
Grip -r
(lower limit)
Grip Strength -l
(lower limit)

Controls
N≈101

Mild
N≈17

Multiple
Mild
N≈6

ModerateSevere
N≈7

3%

6%

0%

29%

F– 39.94 taps
M– 42.98 taps

1%

18%

0%

57%

340 ms

4%

17%

0%

60%

330 ms

0%

33%

0%

60%

F– 18.7 kg
M– 31.8 kg

2%

6%

0%

14%

F– 15.6 kg
M– 26.9 kg

2%

18%

0%

0%

Cut off scores
F– 43.76 taps
M– 48.27 taps

VMI
83
0%
6%
0%
28%
(lower limit)
Abbreviations: HRFTT–Halstead-Reitan finger tapping test; SRTKEY–simple reaction time
with keyboard press; VMI–Beery visuomotor integration test

